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Summary 

Low back pain is one of the leading causes of disability worldwide, with its prevalence 

continuing to rise. Intervertebral disc (IVD) degeneration, particularly that of the central nucleus 

pulposus (NP) region, is widely considered a primary contributor to this condition. However, 

current treatment strategies are largely conservative and do not address the underlying disruption 

in tissue homeostasis that drives the degenerative cascade. This imbalance is characterised by 

progressive loss and disorganisation of key extracellular matrix (ECM) components, accompanied 

by heightened inflammatory and catabolic activity within the disc microenvironment. MicroRNAs 

(miRNAs) regulate the expression of multiple target genes simultaneously, making them attractive 

candidates for therapeutic modulation of complex degenerative pathways. This thesis therefore 

aimed to investigate miRNA-based strategies to develop a translationally relevant injectable therapy 

capable of exerting a multimodal effect: suppressing inflammation while promoting regenerative 

ECM synthesis. 

Initially, miRNAs identified from the literature were systematically screened in monolayer 

cultures to determine their suitability for IVD delivery, with a focus on anti-catabolic and pro-matrix 

effects. In parallel, two cell-penetrating peptides (CPPs) were evaluated to optimise delivery to the 

nucleus pulposus (NP). To enhance therapeutic efficacy, selected miRNAs were co-delivered in 

pairs to assess potential synergistic effects. To gain a better understanding of the effects following 

miRNA delivery, ex vivo organ culture models were employed. This initial screening suggest a 

synergistic effect when delivering the miRNAs in pairs rather than isolation, particularly in relation 

to the development of an anti-catabolic niche identified in rat IVD organs. Notably, these 

investigations identified a dual-miRNA pairing most suitable for further investigations, providing 

a framework to build upon in the subsequent chapters. 

The second objective explored adjunct stimulation strategies by combining dual-miRNA 

treatment with human platelet lysate (HPL), a clinically established regenerative biologic in 

orthopaedics and musculoskeletal medicine. Alongside the incorporation of ex vivo organ culture 

models, a biomimetic extracellular matrix (ECM) NP gel analogue was employed to recapitulate 

the disc microenvironment in vitro. This NP cell-laden analogue incorporated cells derived from 

degenerated patient NP tissue, thereby offering vital clinical insight into cell response. Central to 

the results here was the sustained maintenance of the anti-catabolic niche generated by dual-miRNA 

delivery. Moreover, HPL supplementation enhanced the protein expression of ECM markers, 

suggesting a shift towards a pro-regenerative effect. Importantly, both culture systems exhibited 

comparable treatment responses, reinforcing the translational potential of this approach and 

supporting the development of a scalable, high-throughput platform incorporating human cells to 

screen potential therapeutics.  
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Recognising that cell loss is a hallmark of disc degeneration, the third aim compared dual-

miRNA stimulation in native NP cells and bone marrow-derived stem cells (BMSCs) to determine 

the most appropriate cellular target for IVD therapy. Utilising increasingly complex culture systems 

divergent responses were revealed between the cell populations. Notably, BMSCs exhibited a pro-

catabolic response following dual-miRNA transfection in two- and three-dimensional cultures. This 

effect was mitigated in ex vivo organ culture, demonstrating the importance of physiologically 

relevant culture systems. Overall, dual-miRNA transfected NP cells demonstrated superiority to 

BMSCs through the enhancement of ECM markers and suppression of inflammatory and catabolic 

markers.  These findings suggest NP cells as a more appropriate delivery strategy for dual-miRNA-

based IVD therapies.  

Finally, for the first time, the optimised dual-miRNA formulation was evaluated in a 

preclinical large animal model of mild IVD degeneration to assess safety, efficacy, and translational 

feasibility. It was observed that dual-miRNA enhanced ECM marker expression while concurrently 

suppressing inflammatory and catabolic signalling pathways. In contrast, delivery of NP cells, both 

naïve and dual-miRNA-transfected, was associated with metabolic disruption, compromised matrix 

integrity, and exacerbation of degenerative features. Taken together, the results presented here 

highlight the critical influence of the disc microenvironment while considering cell-based 

therapeutic strategies. Furthermore, they reveal the promise of a novel dual-miRNA treatment in a 

clinically relevant in vivo model of mild IVD degeneration. 

Collectively, this thesis demonstrates the promise of miRNA-based therapeutics as a 

component of injectable treatments for IVD degeneration. By investigating their use alone, in 

combination, and alongside regenerative adjuncts such as HPL and cellular targets, and by 

validating findings in physiologically relevant in vitro and preclinical models, this thesis provides 

a strong foundation for the clinical translation of miRNA-driven therapies to restore disc 

homeostasis and treat degeneration of the IVD. 
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Chapter 1. Introduction 

1.1 Research Motivation – The need for injectable therapies 

The incidence of low back pain (LBP) is rising, with an estimated 600 million people 

affected worldwide. This represents a growing socioeconomic burden, particularly in ageing 

populations, where €240 million is spent annually in the European Union (EU) alone. One of the 

predominant causative factors in LBP is degeneration of the intervertebral disc (IVD), primarily the 

central nucleus pulposus (NP). Treatments for LBP are primarily conservative in nature, involving 

physiotherapy and pain management, progressing to spinal surgeries when degeneration increases 

in severity. 1 Surgical interventions are becoming more commonplace, with over half a million 

discectomies performed annually in the United States (US).2,3 Also in the US, single-level spinal 

fusions have seen a rise of 776% from 2000 to 2019, with this number projected to double by 2050.4 

Surgical procedures offer short term relief, however the effect is not sustained, indicating a need 

for more effective therapeutic options.5 Injectable therapies aim to halt the degradative cascade 

before reaching the point of surgery, restoring functional balance to the IVD, though as yet none 

are commercially available.  

At a biochemical level, degeneration of the NP is characterised by the degradation of the 

glycosaminoglycan (GAG)-rich extracellular matrix (ECM) and its key components. The disruption 

to the catabolic : anabolic homeostasis results in a loss of matrix-related transcription factors (TFs) 

such as Sry-Box TF 9 (SOX9), and proteins, for example, aggrecan and collagen type II. 6,7 

Concurrently there is an escalation in levels of matrix degrading enzymes, namely members of the 

matrix metalloproteinases (MMP) and a disintegrin and metalloprotease with thrombospondin 

motifs (ADAMTS) families. 8-12 Restoring the intradiscal microenvironment to homeostatic balance 

has been the goal of numerous therapeutic attempts over the years. The introduction of growth 

factors, biomaterials, cell populations, and nucleic acids have gained interest over the last twenty 

years.  

microRNAs (miRNAs), short non-coding nucleic acids, can regulate thousands of distinct 

genetic targets and therefore their protein outcomes, in a non-heritable manner.13,14 Given their 

small size, their delivery can be more efficient than larger protein or messenger RNA (mRNA) 

cargoes, and their biological action requires delivery to the cell cytoplasm rather than the nucleus. 

Numerous vehicles have been developed, both viral and non-viral in origin. Non-viral vectors are 

particularly attractive due to lower immunogenicity and reduced risk of rejection, while still 

maintaining functional efficacy.15,16 One such group are cell penetrating peptides (CPPs), a specific 

class of nanoparticle defined by their size of between 5-30 amino acids, with inherent membrane 

translocation sequences.17,18 These particles can be amphiphilic and cationic in nature, fostering 
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cellular uptake, be it endocytic or non-endocytic, with internalisation dependent upon optimum 

charge ratios.  

Alongside nucleic acids, the introduction of a healthy cell population that could bolster 

matrix production while replenishing the resident degenerated population has been widely explored. 

Primarily, NP and bone marrow derived stem cells (BMSCs) have been investigated, with some 

proceeding to human clinical trial. Discgenics (IVD cells), and Mesoblast Ltd (stem cells) have 

reached in-human trials, demonstrating safety but also some clinical improvements.19-21 However, 

debate as to which cell type, cell number required, and whether the sufficient regeneration can be 

achieved without supplementary stimulation. Therefore, it is the aim of this thesis to investigate 

injectable miRNA therapies, exploring their potential alone and with additional human platelet 

lysate (HPL) and cellular stimuli. 
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Figure 1.1 Schematic overview of the development pipeline of miRNA-based therapeutics 

targeting intervertebral disc degeneration. Candidate miRNAs were screened and validated, 
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additional stimuli explored, incorporated into cell-based delivery strategies, and preclinical 

evaluation in a large animal model of mild degeneration, potential miRNA treatments were 

evaluated to support translation towards an injectable restorative treatment. 

 

1.2 Thesis Objectives 

Considering the need for homeostatic rebalance to counteract the degenerative cascade 

within the IVD, this thesis examines injectable miRNA-based therapies for IVD degeneration. 

Primarily, stimulation with miRNAs makes up the central remit, however additional 

supplementation, with and without cells is explored. Given the importance of relevant preclinical 

models in the assessment of potential treatments, this thesis employs in vitro, ex vivo, and in vivo 

models of disease. Alongside miRNA stimulation alone, further supplementation approaches such 

as human platelet lysate (HPL) are explored as a cell-free approach with the aim of boosting the 

regenerative capacity of the native NP cells. The suitability of two cell populations of miRNA-

transfected cells were assessed in relation to their restorative and anti-catabolic activity. Finally, the 

safety and efficacy of an identified therapeutic dual-miRNA and dual-miRNA transfected cells are 

examined in a large animal model of mild degeneration. Taken together, this work investigates 

injectable miRNA-based strategies to modulate regeneration and catabolism in the disc pre-

clinically, and can be broken down into four main objectives, outlined below.  

1. To screen miRNA combinations with enhanced cell penetrating peptides in vitro and ex 

vivo. 

miRNAs exist in multitudes, with thousands of potentially beneficial miRNAs known to 

modulate functions involved in extracellular matrix development and inflammatory pathways. In 

the IVD field alone over 50 miRNAs have been identified as being directly involved in degenerative 

functions,22 although the true number is likely much higher, therefore an initial screening was 

required to narrow the options. Chapter 4 of this thesis highlights the screening of four miRNAs 

selected from the literature due to their augmentation of matrix markers and silencing of 

inflammatory cytokines. Initial screenings explore these miRNAs in isolation, however, develops 

into six miRNA pairs with the aim of exploring potentially synergistic activities. This chapter 

provides a framework to identify functional changes with miRNA pairs with a particular focus on 

ex vivo models of disease, with the aim of identifying a pair with meaningful potential to target 

degeneration of the IVD.  

 

2. To explore adjunct miRNA supplementation with human platelet lysate. 
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While miRNA-only delivery has great potential in disease management, especially in 

modulation of catabolic activity, the possibility of further supplementing regenerative processes 

should be explored. HPL is a growth factor and anti-inflammatory cytokine rich material derived 

from platelets, being actively examined clinically in orthopaedic and musculoskeletal fields. In 

Chapter 5 the therapeutic dual-miRNA from Chapter 4 is investigated in combination with HPL, 

aiming to maintain the anti-catabolic activity of the dual-miRNA whilst driving the expression of 

ECM markers. This work examines the possibility of a cell-free injectable therapy as a multi-

pronged approach to IVD degeneration, with the aim of silencing catabolic factors concurrent with 

laying the building blocks for matrix rejuvenation.  

 

3. To investigate the most beneficial cell source for miRNA-stimulation for IVD delivery. 

Cell therapies have long-since been explored as a means of restoring the depleted native 

cell population of the degenerated IVD. However, there is no consensus in the field as to the most 

appropriate therapeutic cell source to deliver, with NP cells and stem cells of various origins being 

the most abundantly studied. Chapter 6 of this work provides a comparative analysis of NP and 

BMSCs post-dual-miRNA transfection with the aim of elucidating the most suitable therapeutic 

cells population for delivery to the IVD. Alongside this it examine whether there are benefit to the 

inclusion of cells in an injectable therapy, or if dual-miRNA delivery alone would elicit potent 

enough effects.  

 

4. To assess the safety and efficacy of miRNA and miRNA-cell transplantation in a large 

animal model.  

Key to progression past pre-clinical evaluation is to demonstrate the safety and efficacy of 

any potential therapeutic. In Chapter 7, the previously identified dual-miRNA is delivered in 

isolation, alongside dual-miRNA-stimulated cells and non-transfected cells in a caprine model of 

mild IVD degeneration. Goat IVDs bear geometrical and size similarities to human, making them 

a suitable and translatable animal model of disc degeneration. The aims of this work are to 

demonstrate not only that the injectable therapies are well tolerated, but also to examine 

biochemical, histological, morphological, and immunological effects of the treatments in a large 

animal model of mild IVD degeneration.  
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Chapter 2. Literature Review 

2.1 Normal intervertebral disc function 

Low back pain (LBP) is a growing economical and sociological concern, with an estimated 

80% of people being affected throughout their lifetimes, and with increasingly aged populations 

LBP will likely become more prevalent. 23 One of the most common causative agents of LBP is 

degeneration of the IVD. Contained within the vertebral bodies of the spinal column it is comprised 

of three main cellular regions: the NP, annulus fibrosis (AF), and cartilage endplate (CEP) as 

illustrated in Figure 2.1. 24 The IVD confers flexibility, mechanical loading capacity, and allows for 

a range of spinal motion, with the three main elements functioning in tandem to maintain these 

functions. 25 The CEP, as the outer border of the avascular IVD, plays a role in nutrient diffusion to 

the inner disc region. 26 Bounded by the CEP, the AF composes 15 to 25 concentric collagen type I 

fibrous lamellae, imbuing the IVD with the ability to withstand torsional strain and swelling 

pressure from the NP. 27 Morphologically NP cells are rounded, similar to articular chondrocytes 28, 

and sparsely populate the region, numbering approximately 4x106 cells/cm3. 29 During development 

humans are endowed with notochordal cells, large, vacuolated cells associated with proteoglycan 

synthesis 30, though upon reaching adulthood it is widely accepted that these cells are diminished 

either entirely or to a significant degree. 31  
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Figure 2.1 Structure of the Intervertebral Disc. (A) Spine from the axial direction, outlining the 

key elements of the intervertebral disc. (B) Mid-sagittal representation of the intervertebral disc, 

outlining the key tissues. (C) Schematic of the IVD.  

The highly hydrated NP of the disc is predominately composed of collagen type II and 

proteoglycans, which make up 20% and 50% of the dried weight respectively. 8 Proteoglycans with 

negatively charged glycosaminoglycan (GAG) side chains assist the disc in remaining hydrated, as 

they can partake in reversible deformation. 32 Aggrecan is one of the most abundant proteoglycans 

in the ECM of the disc 9, and contains GAG chains such as chondroitin and keratan sulphate that 

maintain the hydration required for load bearing by osmotic pressure. 33 The avascular nature of the 

disc corresponds to a hypoxic and hyperosmotic area, with a carefully maintained ECM anabolic : 

catabolic balance. 34 Anabolic growth factors (GFs) include the transforming growth factor (TGF)-

β superfamily, bone morphogenic protein (BMP) family, and tissue inhibitor of matrix 

metalloproteinase (TIMP)-2 35,36, with catabolic factors represented by enzyme families such as the 

MMPs and ADAMTS 37 which degrade the ECM.  
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2.2 Intervertebral disc degeneration 

Diminished GAG content leads to a loss in the ability to absorb compressive loads resulting 

in reduced disc height and can lead to nerve compression and pain. 38 Loss of GAGs is believed to 

be a key driver in early stage IVD degeneration 23, which leads to a reduction of the NP, beginning 

a degenerative cascade, destabilising the anabolic : catabolic homeostasis of the disc, as defined in  

Figure 2.2. Alongside increases in mRNA and protein expression of ECM degrading enzymes from 

the MMP and ADAMTS families 10,11, decreases in discogenic markers such as aggrecan, collagen 

type II, and the chondrogenic transcription factor SRY-Box Transcription Factor 9 (SOX9) 6,7 are 

seen. The MMP family is made up of zinc-dependent proteolytic enzymes that cleave collagens, 

thereby increasing ECM turnover and degradation. Elevated levels of MMP’s have been associated 

with degenerative disc disorder, with MMP-1, -3, -10, -13 39 and -12 40 upregulated in patients with 

degenerated discs. The ADAMTS family function in cleaving proteoglycans, with ADAMTS-4 and 

-5, classed as major aggrecanases, being of particular interest in IVD degeneration due to their 

aggrecan degrading ability. 12,41 

Concurrent to this, increases in pro-inflammatory cytokines, at both the gene and protein 

level are seen, including tumour necrosis factor (TNF)-α and the interleukin (IL) family, further 

driving the homeostatic imbalance through inflammatory pathway activation. Gene expression of 

both TNFα and IL-1β has been demonstrated to be prolific in degenerated patient samples, 100% 

and 96%, respectively, which is greater than the proportion in non-degenerated samples, 63% and 

13%, respectively. 42 TNF-α primarily elicits effects through receptor TNFR1- and TNFR2-

dependent pathways, both of which can have a myriad of downstream effects, though the majority 

have been found to be destructive in degenerative conditions. 43 TNFR1 is thought to be the primary 

driver of TNF signalling, being implicated in mitogen activated protein kinase (MAPK) kinase 

kinase-3 activation, where following phosphorylation and degradation steps, nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) is released, which has been linked to apoptosis 

promotion via p50 and p60. 44 TNFR1 stimulation can also initiate a caspase cascade that further 

drive apoptosis thorough death-inducing signalling complexes. 45 TNFR2, though considered anti-

apoptotic as it does not contain a death domain, has been found to induce cytotoxicity when co-

expressed with TNFR1, suggesting a crosstalk mechanism between the two receptors that could 

further drive cell death. 46 
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Figure 2.2 Comparison of anabolic : catabolic homeostasis and imbalance in the disc. The 

healthy disc is balanced with regards to expression of anabolic and catabolic factors, whereas with 

the progression of degeneration the balance is shifted. A degenerate phenotype reveals itself as 

increases in the fibrotic collagen Type 1, matrix degrading enzymes, and pro-inflammatory 

cytokines and chemokines. Taken from 6 

 

The IL-1 family of cytokines has shown increased expression in degenerate discs compared 

to non-degenerate, both in human and animal models 47-49, with IL-1β particularly investigated. One 

of the hallmarks of disc degeneration is the progressive vascularisation and innervation of the disc, 

whereby the over-expression of GFs such as vascular endothelial growth factor (VEGF), nerve 

growth factor (NGF) and brain-derived neurotrophic factor (BDNF) contribute to these processes. 

50,51 IL-1β stimulation has been shown to upregulate these factors in human IVD tissues, placing it 

as a potentially crucial mediator of disc degeneration. 52  

These cytokines can also impact upon disc degradation through their ECM remodelling 

capabilities, including their effects on the expression of the MMP and ADAMTS families, and 

downregulation of discogenic factors, aggrecan, collagen type II, and SOX9. Bovine NP cells 

stimulated with TNF-α had significantly increased gene expression levels of MMP3, ADAMTS-4, 

-5, and IL-6 and -8, with the expression of collagen type II significantly downregulated. 53 These 

findings were mirrored in progression to a bovine organ culture model whereby gene expression of 

ADAMTS-4, -5, MMP3, IL-6 , and -8 were all increased, with aggrecan and collagen type II 
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expression decreased. IL-1β has likewise been implicated in similar trends, Sun et al found that 

human NP cells had increases at both gene and protein levels of MMP3, MMP13, ADAMTS4, and 

ADAMTS5 under normoxic and physioxic culture conditions. 54 A separate study found in human 

NP cells, markedly reduced gene expression of aggrecan, collagen type II, and SOX9, alongside 

reduction in the protein expression of COL2 following IL-1β stimulation. 55 These different 

influences on the IVD represent the multi-faceted aetiology of degeneration, demonstrating how 

potential therapeutics would preferably have a similarly multi-pronged effect, by targeting 

regenerative factors, degradative enzymes, and inflammatory cytokines in order to be effective in 

treating degeneration. 

 

2.3 Current therapies 

Currently the gold standard of treatment for LBP and IDD involves physiotherapy and pain 

management. 1 Should the degeneration worsen in severity, treatment options are limited to surgical 

interventions such as discectomy or spinal fusion, which in the short-term offers relief, however 

over the course of subsequent years this relief falters, with functional relief limited, particularly in 

the case of spinal fusion. 5 At this point, further surgeries may not be appropriate, likewise, 

therapeutic intervention at this point would likely be ineffective, as the degeneration has passed 

beyond a point of functional reparation, with the resident cell population diminished. With this in 

mind, novel therapeutics are being actively explored and trialled to be delivered before the onset of 

this severe degeneration, including but not limited to growth factors, gene delivery, cell delivery, 

and nucleic acids. For the purpose of this thesis, these will be broadly split into cell free and cell 

therapies. 

 

2.3.1 Growth Factors  

When attempting to alter NP cell behaviour towards a regenerative phenotype, GF 

stimulation has been identified as a promising method, with a number of specific families often 

implicated. Members of the bone morphogenic factor (BMP) family have shown particular promise. 

BMP-7 has been demonstrated as increasing proteoglycan (PG) content in a rabbit model of annular 

puncture disc degeneration. 56 Another member of the BMP family, growth differentiation factor-5 

(GDF-5), has been identified as pro-chondrogenic and capable of stimulating ECM production in a 

rat model of IVD degeneration. 57 Recent in silico modelling has also identified a possible donor-

specific response to GDF-5 administration, suggesting a more personalised medicine approach to 

GF delivery may be required. 58 Transforming growth factor-beta (TGF-β) is well established in 

disc and cartilage fields as being pro-chondrogenic, capable of driving ECM generation, 59 and has 
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been shown to have an anti-catabolic effect in TNF-α challenged NP cells. 60 However, issues with 

dosing and the need for sustained released have led to alternative sources of growth factors. 61 

In an attempt to further promote anabolic pathways, combinatorial GF delivery has 

garnered much attention in musculoskeletal fields. The incorporation of platelet lysates (PLs) has 

particularly been often utilised to strong effects. These lysates are derived from plasma and rich in 

GFs have been shown to promote the production of key matrix components. 59,62-65 These effects 

are likely due to the high levels of members of the TGF superfamily, vascular endothelial growth 

factor (VEGF), platelet-derived growth factor (PDGF), fibroblastic growth factor (FGF), and 

epidermal growth factor (EGF). 66,67 In the IVD field, a preliminary prospective trial found 

significant improvements to the visual analogue score (VAS) and Oswestry Disability Index (ODI) 

in nearly half of patients 6 months after receiving a single injection of platelet rich plasma. 68 Further 

studies have observed a significantly reduction in patients’ pain and improvements to function at a 

follow-up period of 8 weeks post-lysate administration. 69 

 

 

2.3.2 Gene and nucleic acid therapies 

Gene therapy has been heralded as a new frontier in treatment development for a range of 

conditions and disorders since it’s advent in the 1960’s 70 and progression to human clinical trials 

in the 1990’s. 71 Here, the aim is to introduce genetic material, in the form of a nucleic acid such as 

DNA or RNA, into the patient’s cells to modify function in several potential ways: 1.) by driving 

the expression of the introduced gene, 2.) by inhibiting expression of a target gene, or 3.) by altering 

the behaviour of the target gene. 72 The effectiveness of this hinges upon the ability to deliver it to 

the nucleus of the cell in the case of DNA, and the cytoplasm in relation to RNA, in a non-heritable 

manner. Additional to this is the delivery of smaller nucleic acids, such as miRNAs and siRNAs, 

either directly or as cargo engineered in extracellular vesicles (EVs). 

One of the key motivations of gene therapies was to elicit the promising effects of GFs 

without the clinically unfeasible need for sustained delivery. Initial in vitro studies demonstrated 

the ability to transfer beta-galactosidase (LacZ) and interleukin-1 receptor antagonist (IL-1RA) 

genes through a viral-mediated approach in chondrocytic disc cells.73 The transfected cells initiated 

production of IL-1RA protein, demonstrating the clinical potential of this approach. The first in 

vivo study in 1998 delivered an adenovirus encoding the LacZ gene to rabbit IVDs, resulting in 

sustained delivery for at least 12 weeks. 74 Gene delivery has been utilised for successful delivery 

of pro-anabolic 75-77  and anti-catabolic factors 78-80, alongside “gene cocktails” combining both 

approaches. 81-84 However promising, it must be noted that expectations as to gene delivery 
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providing a curative approach to IVD degeneration have been somewhat tempered through 

concerns over patient safety. Pilot studies have identified potential issues around dosing-associated 

cytotoxicity and the overproduction of the target protein, which may likewise have adverse effects. 

85  

While investigations into gene therapies to target IVD degeneration continue 86,87, there has 

been a shift towards the delivery of RNAs, miRNAs (which will be discussed in the following 

section) or EVs, which are generally better tolerated.  EVs represent a heterogenous population of 

nanoparticles that function as intracellular communication mediators, though the transfer of 

molecular cargo between cells.88 This cargo is comprised of target-specific molecules, for instance 

proteins, lipids, DNA, and a variety of RNAs 89, making them an attractive strategy with the 

potential of targeted reprogramming of the degenerated cell population. Engineering of these 

nanoparticles can impart additional benefits, examples include regenerative cues such as forkhead-

box F1 (FOXF1) 90,91, surface peptides to increase target specificity 92,93, and pluripotency markers 

to stimulate phenotypic changes to the target cells. 94 

 

2.3.3 microRNAs 

In recent years miRNAs have gained traction as a therapeutic approach in the field of tissue 

regeneration, by post-transcriptional modulation of mRNA targets and protein expression. These 

short (20-22 nucleotides in length), endogenous, non-coding RNAs have been shown to be plentiful 

in humans, with the annotation software miRbase estimating 2,675 fully defined mature miRNA 

sequences currently. 95 Amongst those classified, their mRNA targets are numbered in their 

thousands, over 45,000 miRNA target sites are selectively conserved amongst mammalian 

genomes, with single miRNAs having potentially numerous targets. 96 It has been speculated that 

they could bypass the drawbacks associated with the use of GFs, such as the short half-life and need 

for repeat injections. 97 Alongside their potential therapeutic functions, they have also been 

postulated as being ideal biomarkers for early diagnosis of many diseases including degeneration 

of the IVD, as their expression has been found to drastically alter in diseased versus non-diseased 

states. 98 

With regards to their biogenesis and function, miRNAs are transcribed to a primary miRNA 

(pri-miRNA), undergoing enzyme processing to produce a nucleotide hairpin, the pre-miRNA, 

which is exported to the cell cytoplasm and further enzymatically cleaved. This cleavage generates 

guide and passenger strands, the guide being loaded into the Argonaute (AGO) protein containing 

RNA-induced silencing complex (RISC), which facilitates binding to the target mRNA by arranging 

it in a helical confirmation. 99 A more detailed overview of this process is outlined in Figure 2.3. 
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Figure 2.3 The biogenesis and action of mRNA silencing by miRNAs. The transcribed miRNA 

gene, a pri-miR, undergoes nuclear processing prior to export to the cytoplasm. In the cytoplasm, 

the pre-miRNA is cleaved by Dicer and loaded onto an Argonaute (Ago) protein that houses the 

RNA-induced silencing complex (RISC). By arranging the miRNA in a helical conformation, 

binding to the target mRNA can occur. DGCR8 = DiGeorge Syndrome Critical Region Gene 8, 

TRBP: Tar (HIV-1) RNA-binding protein, adapted from 100 
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miRNAs function in the repression of target mRNA expression through RISC-mediated 

silencing, there are two methods by which this can occur, by mRNA decay, or through gene 

expression silencing, with the mechanism guided by the complementarity of the miRNA to the 

target mRNA. 14 mRNA degradation is accountable for between 66-90% of miRNA-related 

silencing 101, where the miRNA guides the target towards a 5’-3’ mRNA decay pathway, where 

through deadenylation and decapping of the mRNA they are targeted by exonucleases and degraded. 

102 Gene expression silencing is thought to be initiated by inhibiting the first step of translation by 

impeding the action of initiation factors eIF4A-I and eIF4A-II, blocking the formation of the rIF4F 

translation initiation complex. 103 Traditionally it was accepted that miRNAs functioned only in the 

repression of targets, however there is evidence of upregulation in direct, where the miRNA 

activates the target mRNA, or indirect, where there is a loss of repression, both of which the 

outcome is an increase to protein expression. 104 This activation has been linked to specific cell 

cycle states, during quiescence 105, or in response to cues related to cell cycle arrest. 106 With regards 

to therapeutic approaches, often miRNA function is divided into two distinct groups, the first being 

miRNA antagonists acting as inhibitors of the endogenous miR. The second, or replacement 

approach, utilises miRNA mimics that function in mimicking the action of the endogenous 

miRNA.107 Introduction of nucleic acids over 30 nucleotides in length activates the IFN pathway as 

an antiviral defence mechanism 108, however this pathway initiation is bypassed due to the shorter 

length of miRNAs. This modulation of gene expression and lack of innate immune response could 

be taken advantage of therapeutically and has been explored in a range of fields, though as the focus 

of this thesis is the IVD, examples from that field will be centred on in section 2.4.6. 

 

2.4.4 microRNA delivery 

Given the hydrophilic nature of the backbone of nucleic acids, a vector is needed to cross 

the cell membrane; to do this the primary routes can be divided into two approaches: viral and non-

viral. Viral vectors, though efficient, have become less widely used as vectors for nucleic acid 

delivery due to concerns with immunogenicity, insertional mutagenesis and the possibility of 

oncogene activation, making way for the next generation of non-viral approaches. 15,109-111 Non-

viral vectors encompass a broader aspect of genetic material delivery than their viral counterparts, 

making use of a range of physical approaches such as electroporation or sonoporation, alongside 

the physicochemical alternatives such as lipids, nanoparticles, and cationic polymers. 

Lipofection, commonly referred to as lipid or liposome-based transfection, is a commonly 

utilised technique, whereby a liposome encircles the genetic material to be delivered to the cell, 
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forming a lipoplex through electrostatic interactions that can be transported into the cell via fusion 

with the cell membrane or endocytosis. 112 The commercial availability of different lipofection 

reagents has led to its frequent use, with various iterations of Lipofectamine™ (Invitrogen), 

Escort™ (Merck), Transfectamine™ (AAT Bioquest), and DharmaFECT™ (Dharmacon) as 

examples. Paired to their ready availability, these regents are easy to use, relatively quick, and 

provide effective transfection of a wide range of cell types, reflected in its wide use in disc literature. 

113-115 However, this method has been associated with acute toxicity, and induction of inflammatory 

and apoptotic responses, which could be exasperated in in vivo settings. 116,117 

From the initial breakthrough of lipid-based gene delivery in the 1980’s, polymeric 

nanoparticles represent a more modern incarnation of delivery vectors, allowing the conjugation of 

genetic material with a given polymer. The polymers in question can range from the synthetic, such 

as poly(L-lysine) and polyethyleneimine (PEI), to the natural, for example chitosan, gelatine, and 

dextran. Often these polymers can be improved with modifications. PEI in its unmodified state is 

cytotoxic to cells due to its non-cleavable structure and membrane damaging effects 118, however 

modifications with polyethylene glycol (PEG) have shown improvements to its cytotoxicity while 

maintaining effective transfection in human cell lines. 119 This lends polymers like this to 

“personalisation”, and the possibility of modifying them to one’s individual needs and the material 

they wish to deliver. Natural nanoparticles offer reduced immunogenicity and biocompatibility, 

making them an attractive option for gene therapy. Chitosan has been found to share these attributes 

and has been used for the safe delivery of plasmid DNA (pDNA), oligonucleotides, and silencing 

RNA (siRNA). 120 Moreover, it’s use as a biomaterial opens other avenues when developing 

treatments for regenerative medicine.  

Cell penetrating peptides (CPPs) are a specific class of nanoparticle, generally defined by 

their small size of between 5-30 amino acids, with inherent membrane translocation sequences, and 

can be amphiphilic and cationic in nature. 121 CPP uptake by the cell target can be nonendocytic or 

endocytic, depending upon the structure of the CPP itself, along with the internalised molecule, this 

internalisation being dependent upon optimal charge ratios. 122 The synthetic α-helix GALA peptide, 

consisting of a glutamic acid-alanine-leucine-alanine repeat was initially designed to bind the lipid 

bilayer membranes at acidic pH, inducing membrane fusion and leakage of the encapsulated 

molecules. 123 GALA was initially touted as a vector for delivery of genetic material, and while 

efficient in disrupting the lipid bilayer and delivering the nucleic acid in vitro, there was a build-up 

of the complexes within the endosome, reducing the delivery efficacy. 124 This led to further 

incarnations of GALA, which will be introduced in Chapter 4. A different family of CPPs worth 

noting are the GAG-binding enhanced transduction (GET) peptides. This class of cationic peptide 

contains a heparin binding domain, which makes up the GET system when paired with a membrane-

docking peptide. 125 This system has been successfully utilised for not only the transport of nucleic 
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acids, but also enzymes, proteins, and nanoparticles, without affecting cell viability in a range of 

cell types in vivo, for example  both human (h) and murine embryonic stem cells (mESCs), the 

murine fibroblastic cell lines NIH/3T3, and human induced pluripotent stem cells (hIPSCs). 126 The 

structure of GET peptides allows for improved intracellular transduction when CPPs are coupled 

with a GAG-binding peptide, given the ubiquity of GAGs in the IVD, this could be of particular 

use when aiming to deliver therapeutic nucleic acids to the disc itself. Overall, the methods of 

delivery for genetic material varies, with advantages and drawbacks associated with all.  

 

2.4.5 microRNA applications in intervertebral disc regeneration 

In studies of IDD, miRNAs have been gaining ground as potential therapeutics, in terms of 

both stimulating regeneration of the disc and exerting anti-catabolic effects. One such miRNA is 

miRNA-338-3p, which was found to be significantly upregulated in the NP tissue of patients with 

IDD, with increased expression of the miRNA  positively correlated to the extent of degeneration. 

127 In this study, human NP cells transfected were transfected with mimics and inhibitors of miRNA-

338-3p, with those transfected with the inhibitors showing significant protein level increases in 

discogenic factors COL2 and ACAN, and decreases in catabolic factors MMP9 and ADAMTS4, 

with the inverse true for those transfected with miRNA mimic. This study also demonstrated a 

halting of degeneration in an IDD induced mouse model following delivery of miRNA-338-3p, 

recommending its possible use as a therapeutic. Evidence from this study indicated that miRNA-

338-3p was exerting these positive effects on the disc through modulation of the 

MAPK/extracellular signal-regulated kinase (ERK) pathway via targeting of sirtuin 6 (SIRT6). The 

MAPK/ERK pathway has been implicated in IDD, where its activation drives disc degeneration 

through ECM decay, apoptosis, induction of inflammatory cascades, and increases in oxidative 

stress that further diminish the IVD. 128 Negative regulation of this pathway has shown reductions 

in IDD 129,130, and miRNAs targeting this pathway could warrant further investigation.  

Given the initial low cell number in the disc, the subsequent loss that occurs due to IDD 

can have detrimental effects, especially for cell therapies that target the resident cell population. 

miRNA-125-5p was found to be upregulated at the gene level in the NP tissue of patients 

undergoing discectomy, with in vitro experiments suggesting that inhibition of miRNA-125-5p not 

only down-regulates the release of IL-1β, but also reduces apoptosis factors apoptotic peptidase 

activating factor 1 (APAF1), and the caspases 3, 7, and 9. 114 Silencing of apoptotic pathways could 

be a useful tool in disc rejuvenation, maintaining the cell population so that it can be acted upon 

with other therapeutics that will stimulate its repair. miRNA-17-3p has been shown to have a similar 

reductive effect on caspases 3, 7, and 9, while concurrently reducing the protein expression of 

catabolic factors MMP-3 and -13 and ADAMTS-4 and -5, and increasing the expression of COL2 
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and ACAN in human NP cells. 131 Combined with anti-apoptotic and ECM homeostatic factors, the 

importance of inflammatory cytokines and their regulation should also be considered, miRNA-206 

was found in human NP cells to decrease the gene expression of gap junction protein alpha 1 

(GJA1), leading to suppression of inflammatory factors IL-1β, TNF-α, and IL-6. 132 The 

downregulation of such factors could aid in the restoration of the disc microenvironment, providing 

a more suitable niche for cellular stimulation. 

As introduced here, the effects of miRNAs within the IVD can be varied and far-reaching, 

with a vast number of possibly therapeutic miRNAs to choose to investigate, each with different 

targets and effects, whether that be pro-discogenic, anti-catabolic, anti-inflammatory, or perhaps 

anti-apoptotic. Taking advantage of these mechanisms of action could provide the basis for a 

treatment of IDD, whether that be with the use of a single miR, or perhaps combining them to have 

a greater over-arching impact on the cellular processes mentioned here.  

 

2.5 Cell strategies for intervertebral disc regenerative therapies 

The introduction of cells to the NP region would ideally look to repair and regenerate while 

having an advantageous anti-inflammatory effect, to this end the number of cell-based therapies 

available are slim. Numerous studies are carried out with extensive in vitro and in vivo yearly within 

the disc community, though few of these proceed further towards pre-clinical evaluation. Those that 

do are often at risk of entering the “valley of death”, which represents the transition from preclinical 

stages to human trial evaluation. The avascular, nutrient deplete, and hypoxic disc 

microenvironment is challenging in terms of the introduction of new cells, with the choice of cell 

being of great importance alongside the pre-treatment they undergo. A small percentage of cell-

based therapies have advanced to clinical trial and will be introduced here.  

As discussed, stem cells of various origins could be appropriate candidates for cell 

therapies, as they have the capacity to differentiate into a given cell lineage when exposed to the 

correct cues. Mesoblast Ltd. propose the use of allogeneic, immunoselected adipose-derived 

mesenchymal precursor cells (MPCs) to stimulate the resident disc tissue while imparting an anti-

inflammatory effect. Prior to human studies, an ovine in vivo study was carried out, with high (0.5 

million) or low (0.1 million) MPC doses administered in a pentosan polysulphate hydrogel to an 

induced degeneration model. 36 weeks post-administration biochemical analysis revealed enhanced 

sGAG and collagen levels, more so in the lower dose than higher, with loss of disc height reduced 

to the most extent also in the lower dose group. 133 The upregulation of matrix synthesis in the lower 

dose rather than higher may be related to the limited nutrient capacity in the native disc, whereby 

too high a cell number is unsustainable, and should be borne in mind when developing such 
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therapeutic strategies. In a first in human Phase 1b/2a participants were given high (18 million) or 

low (6 million) MPC doses encapsulated in hyaluronic (HA) gels and were evaluated up to 36 

months. In both groups, participants saw improvements to pain response tests at both dosages, with 

the no notable changes, be that improved or worsened, to the Modified Pfirrmann score as assessed 

by magnetic resonance imaging (MRI). 21 As the first in human trial, the main objective was to 

guarantee safety of the product, though the improvements in pain response is a welcome result, and 

the potential of these therapeutic MPCs is currently under phase 3 investigation with a larger sample 

size (NCT02412735). Furthermore, longer follow-up periods could elucidate the effect in a more 

substantial manner, in particular if compared to non-intervention or the traditional routes of surgery 

that can exasperate the degeneration. 

The appropriation of native NP cells and their subsequent differentiation into multipotent 

lineages is the strategy put forward by Discgenics. These cells, dubbed “discogenic cells”, were 

isolated from human donors and injected into needle puncture injured rabbit discs to be examined 

8 weeks later for regenerative capacity. 19 Disc height increased in all groups receiving cells, with 

increased deposition of both sGAGs and collagens in comparison to animals administered a sham 

control. A study carried out of high (15 million) and low (1.5 million) discogenic cells in 

chondrodystrophic beagle dogs with induced degeneration found that these discogenic cells 

conferred a similar reduction to diminished disc height, with histological grading displaying overall 

improvements in comparison to the sham group, however not to the control. 20 Interestingly, once 

again the lower dose of cells was more efficacious in the reduction of disc height worsening, once 

again demonstrating the importance of cell number when designing therapeutics. Finally, the safety 

and efficacy of the IDCT (Discogenic Cells + Sodium Hyaluronate vehicle), Rebunoputemcel, is 

currently under investigation in a Phase I/II clinical trial, where high (9 million) or low (3 million) 

discogenic cells will be injected into patients with lumbar disc degeneration (NCT03955315), with 

results to follow.     

 

2.6 Preclinical models of intervertebral disc degeneration 

Key to translatable therapeutics is the incorporation of clinically relevant models of IVD 

degeneration, which increase in complexity from initial monolayer screenings. Of particular 

relevance to this thesis are ex vivo organ culture models which preclude in vivo applications. These 

models offer the potential to recapitulate the complex IVD microenvironment, thereby providing a 

meaningful framework to not only study disease progression, but also promising therapies.  
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2.6.1 Ex vivo organ culture 

The implementation of the most biologically relevant models will provide the best 

foundation for translational clinical benefit. In this regard, ex vivo organ culture systems possess 

the capacity of bridging the gap between initial in vitro screenings and in vivo animal models, which 

are coming under increasing scrutiny, including regulatory pressure in the application of the 3Rs. 

134 In an IVD context, the use of an entire organ also imparts a more physiologically relevant niche 

upon which to test therapeutics, with the native ECM providing paracrine signals that may aid in 

the effectiveness of an intervention, and which are difficult to accurately recapitulate in vitro. 135 

Furthermore, diurnal loading can be applied to applied to recapitulate the daily strain that the IVD 

experiences. This compression acts a pump through which pressure transports solutes to and from 

the disc, alongside providing stimuli to the resident cells. 136 A range of different species are utilised 

for these systems, with bovine proving the most common, making up 42% of all ex vivo organ 

culture publications in recent years. 137 Induction of degenerative changes to the disc is primarily 

carried out with pro-inflammatory cytokines 138, or enzymatically, often with chondroitinase ABC 

(cABC), which cleaved proteoglycans (PGs). 139 

Demonstrating the utility of ex vivo organ culture, Teixeria et al made use of an 

inflammatory cytokine challenged bovine explant culture system with which to test the efficacy of 

the anti-inflammatory drug diclofenac (Df), and MSCs encapsulated within a gel, for restoring disc 

homeostasis. 140 Df administration resulted in decreased gene expression of IL-6, MMP-1 and 

MMP-3, with ACAN expression increasing. The MSC group demonstrated reductions to IL-6 and 

IL-8 though to a lesser degree. A study using organs from miR-146a knock out (KO) mice sought 

to elucidate the anti-inflammatory effect of miRNA-146a. 141 Both wild type (WT) and KO discs 

were cultured in the presence or absence of IL-1, with histological analysis revealing a sharp decline 

in GAGs in KO mice following cytokine stimulation, combined with significant increases of MMP-

13 and ADAMTS-5 immuno-positive cells, suggesting a role for this miR in the modulation of 

inflammatory responses. An example of gene therapy under investigation in an organ culture model 

comes from Bucher and colleagues, where MSCs transfected with BMP14 were administered to a 

bovine disc in culture, and demonstrated some return to the native GAG/DNA ratio in the disc after 

a week. 142 Finally, another benefit to organ culture systems is the tunability to apply different 

loading patterns, which better represent those experienced in humans in comparison the quadrupeds 

most frequently used as animal models. Different modes of compression and loading will result in 

the transduction of cell responses, with large magnitude loading (above 1MPa) having a detrimental 

effect on the cell population, and those lower than 1MPa being less deleterious. 143 Overall, ex vivo 

organ culture offers a meaningful approach to maximise the potential of a therapeutic prior to 

progression to a preclinical animal model, where aspects of the IVD that cannot be fully represented 

in an in vitro setting can be better reproduced.  
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2.6.2 Large animal models of IVD degeneration 

While a useful tool as outlined above, organ culture will not fully replace the use of animal 

models as of yet in the pipeline for development of therapeutics, with testing a key point in the 

clinical translation of a therapeutic. Large animal models for IDD include caprine, ovine, and 

chondrodystrophic canines 144, with these models having the advantage of the absence of 

notochordal cells in adulthood and a similar sized and shaped discs to humans. An in vivo study 

utilising these animals has advantages over organ culture, one being the ability to evaluate a 

therapeutic over a longer time period, better reproducing the complexity of a human and identifying 

potential systemic effects stemming from immune responses and crosstalk with neighbouring 

tissues. Moreover, IDD can be a slow, progressive disease, and extended time periods to see 

reparative actions are not out of the question. Crosstalk between the IVD and adjacent tissues could 

result in the activation of pathways that would not be accounted for in other models, such as pain 

pathways or biomarkers associated with pain. 145 The degeneration of these models is often induced 

to mimic a certain degree of degeneration, whether physically or chemically to model the diseased 

state. 146 

Goat models of IDD have the advantage of similar disc and cellular morphology, along 

with biochemical composition to human cells 147, making them an attractive option for preclinical 

testing. Gullbrand et al established an induced model of goat degeneration through 

chemonucleolysis with cABC, demonstrating progressive loss of disc height, increases to the 

Pfirrmann grade, supported by histological grading, and changes to biomechanical traits such as 

increases in compressive range of motion and decreases in elastic modulus which correspond to 

degenerated discs in humans. 148 This induced degeneration model was further shown to 

significantly increase the number of cells immuno-positive for MMP-13, ADAMTS-4, TNF-α, and 

IL-1β, representing the inflamed milieu that is associated with IDD. 149 Models such as this are 

therefore of use to test the efficacy of therapeutics, as they can recapitulate the disc 

microenvironment, providing a framework to assess developed products. 

 

2.7 Summary and clinical significance  

This thesis examines the development of injectable miRNA therapeutics for treatment of 

IVD degeneration. This need stems from a lack of treatment options outside of conservative or 

surgical interventions, with neither option addressing the underlying biological dysfunction. In this 

thesis, miRNAs identified from the literature as being pro-regenerative were selected to 

systematically evaluate their ability to modulate the catabolic response while stimulating matrix 
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protein synthesis. Further examination was conducted by combining the miRNAs in pairs to 

identify whether a synergistic response could be achieved by their co-delivery. In parallel, two CPPs 

were employed to investigate whether there was an optimal carrier, particularly with regards to the 

NP region of the IVD. While dual-miRNA delivery proved effective in suppressing catabolic 

activity, regenerative effects could be improved upon. Consequently, additional supplementary 

options were explored to deliver in tandem with a therapeutic miRNA-pair, such as HPL, which has 

been employed clinically in the orthopaedic field and demonstrated great promise in stimulating a 

regenerative response. Dual-miRNA stimulation was investigated in the two most commonly used 

cell populations, NP cells and BMSCs, to determine the most appropriate cell type for delivery to 

the IVD following dual-miRNA transfection. Throughout these studies ex vivo organ culture 

models were utilised to closely replicate degenerative disc conditions, thereby providing a platform 

for evaluating potential of the proposed therapeutics. Finally, the optimised injectable miRNA 

therapeutic was evaluated preclinically in a large animal model of mild IVD degeneration to 

determine its safety, efficacy and potential for further translational development. Collectively, this 

work sought to harness the therapeutic potential of miRNA therapeutics for IVD regeneration, 

whilst exploring complementary strategies to further enhance or augment the regenerative response. 

This research holds important clinical value, as the prevalence of IVD degeneration continues to 

increase annually, with no effective interventions currently available to address or treat the 

underlying causes of degeneration.   
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Chapter 3. General Methods 

3.1 Cell Isolation and Monolayer Expansion 

3.1.1 Rat nucleus pulposus  

Rat tissue was obtained from discarded tissue of animals that underwent procedures in the 

Comparative Medicine Unit (CMU) of Trinity College Dublin following approval by the animal 

research ethics committee (AREC) of Trinity College Dublin and the Health Products Regulatory 

Authority (HPRA) in Ireland (Approval - AE19136/P149). NP cells were harvested under sterile 

conditions from adult, skeletally mature, female Wistar rats (10-20 weeks) immediately following 

euthanasia, with 3 tails pooled to represent a donor. Due to the ease of access and high prevalence 

of use in IVD degeneration studies 150, caudal discs were employed for all cell culture studies. NP 

tissue was enzymatically digested simultaneously with pronase (70 U/mL, Millipore, Merck Life 

Science Ltd., U.K.) and collagenase type II (400 U/mL Molecular Probes, Bio-Sciences, Ireland) 

for 6 hours at 37°C at 10 r.p.m. Once cells were digested to a single cell level, they were plated in 

flasks for expansion at a density of 5x103 cells/cm3. Cells were expanded in expansion media 

(XPAN) comprised of low glucose Dulbecco’s Modified Eagle Medium (LG DMEM, Sigma-

Aldrich, Merck Life Science Ltd., U.K.), 2% penicillin/streptomycin (Pen/Strep), and 10% Foetal 

Bovine Serum (FBS, all Invitrogen, Bio-Sciences Ltd., Ireland). NP cells were used between 

passage 1 and 3, as no morphological changes were visually observed.  

 

3.1.2 Goat nucleus pulposus 

In accordance with the principles of the 3R’s and to minimise animal use, goat NP cells 

were obtained from discarded material from animals used in a separate study approved by the 

University College Dublin Animal Research Ethics Committee (AREC-P-19-17) and the Irish 

Healthy Products Regulatory Authority (HPRA AW18982/P142). Briefly, motion segments of the 

lumbar spine were isolated to allow for NP tissue dissection. The tissue was enzymatically digested 

in serum free low glucose DMEM (LG DMEM, Sigma-Aldrich) containing pronase (100 U/mL, 

Millipore) and collagenase Type II (300 U/mL, Gibco) supplemented with 2% 

penicillin/streptomycin (pen/strep, Gibco) and 2.5 mg/mL Amphotericin B (Sigma-Aldrich). 

Digestion was carried out at 37°C with gentle agitation (10 r.p.m) until single cells were released. 

Cells were seeded at a density of 5 x103 cells/cm2 and maintained in XPAN media at physioxic (5% 

O2 and 5% CO2) oxygen levels. NP cells were used experimentally between passage 1 and 3.  
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3.1.3 Goat bone marrow derived stem cells 

Bone marrow derived stem cells (BMSCs) were isolated from the scapula, likewise they 

were obtained from discarded tissue from animals used in a separate study approved by the 

University College Dublin Animal Research Ethics Committee (AREC-P-19-17) and the Irish 

Healthy Products Regulatory Authority (HPRA AW18982/P142). Bone marrow was aspirated from 

the scapula with a 16G needle and subjected to sequential centrifugation and filtration steps. Cells 

were seeded at a density of 23 x 106/T175 flask to promote colony formation and cultured for 72 

hours. Red blood cells were then removed by washing with phosphate buffered saline (PBS, Sigma). 

BMSCs were cultured in XPAN media under physioxic conditions (5% O2 and 5% CO2), with all 

experiments performed between passage 1 and 4.  

 

3.1.4 Human nucleus pulposus 

Human NP cells were isolated from disc tissue collected with informed consent from 

patients undergoing discectomy procedures, approved by the Mater Misericordiae University 

Hospital IRB (Ref 1/378/2229) and Trinity College Dublin 

(TCDFSTEMSREC/15032021/Buckley). To ensure no contaminants were present, tissue was 

incubated overnight in serum free (SF) Dulbecco’s Modified Eagle Medium – low glucose (DMEM 

LG, Sigma-Aldrich) with 2% penicillin/streptomycin (P/S, Gibco), 100 µg/mL kanamycin sulphate 

(Gibco), and 2.5 mg/mL Amphotericin B (Sigma-Aldrich). NP tissue was dissected from the 

remaining disc tissue under sterile conditions and digested enzymatically with 100 U/mL pronase 

and 300 U/mL collagenase type II. Following trituration to obtain a single cell suspension cells 

were plated at a density of 5 x 103 cells/cm3 and expanded to confluency in expansion media 

(XPAN), containing DMEM LG supplemented with 2% P/S and 10% foetal bovine serum (FBS, 

all Gibco). Cells were maintained at physioxic (5% O2) conditions in a humidified atmosphere at 

37°C, with media measuring between 300 and 325 mOsm, correlating to the osmolarity of a 

degenerated disc.151  

 

3.2 microRNA 

3.2.1 microRNA complexation  

miRNA complexes were generated through electrostatic interactions of FLR (Dixon 

Laboratory, University of Nottingham, U.K.) at predefined Nitrogen : Phosphate  (N:P) charge 

ratios of 5, 17,152 and RALA (GenScript, Netherlands) at an N:P ratio of 10, 153,154 for miRNA mimics-

140-5p & 149-5p, and 141-3p & 221-3p inhibitors (all miRNAs were purchased from Horizon 
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Discovery, U.K.). For assessment of dual-miRNA delivery, the following miRNA pairings were 

formed: miRNA-140-5p mimic + 141-3p inhibitor, 140-5p + 149-5p mimics, 140-5p mimic + 221-

3p inhibitor, 141-3p inhibitor + 149-5p mimic, 141-3p +221-3p inhibitors, and 149-5p mimic + 

221-3p inhibitor. A negative miRNA scramble control was likewise formed under the same 

conditions. For all monolayer experiments an miRNA concentration of 10 ng/µl was used, with 25 

ng/µl utilised for experiments in ex vivo organ culture. Complexes were formed for 30 minutes at 

room temperature prior to cell and organ delivery.  

 

3.3 Ex vivo Organ Culture 

3.3.1 Rat ex vivo organ culture 

The top three caudal discs were isolated from rat tails, removing the skin and tendons to 

allow for easier access to the disc section. To avoid swelling of the NP, the CEP and vertebral 

elements were left intact. Following successive washes in povidone iodine (Duggan Veterinary 

Supplies Ltd., Ireland) and 70% industrial methylated spirt (IMS) the discs were incubated in LG 

DMEM, supplemented with 2% Pen/Strep, 0.2% Primocin (InvivoGen), and 0.25µg/mL 

Amphotericin B (Sigma-Aldrich, Merck Life Sciences Ltd., Ireland) for 24 hours, before culture 

for 7 days in XPAN at physioxic (5% O2) to more accurately simulate the native IVD. At day 7, 

discs were injected with 2µL of 0.025U chondroitinase ABC (cABC, Sigma-Aldrich, Merck Life 

Sciences Ltd., Ireland) using a 30G needle and degeneration allowed to progress for 7 days. 2µl of 

treatments were delivered directly into the NP region via a 30G needle. 

 

3.3 Quantitative Biochemical Analysis 

3.3.1 Determination of DNA content 

Samples were digested for 18 hours at 60°C in 100mM Sodium Phosphate/5 mM Na2EDTA 

Buffer, with 3.88 U/mL papain enzyme and 5mM L-Cysteine (both Sigma-Aldrich, Merck Life 

Science Ltd., Ireland). Media samples were pooled and stored at -80°C prior to lyophilisation 

following a standard freeze-drying protocol (500 mTorr, -10°C, 16 – 18h, Harvest Right™, USA) 

and incubated in activated papain solution as above.  DNA content was assessed using Hoechst 

Bisbenzimide 33258 dye assay (DNA QF Kit, Sigma-Aldrich, Merck Life Science Ltd., Ireland.) 

with a calf thymus DNA standard. 
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3.3.2 Quantification of sulphated glycosaminoglycans  

Determination of sulphated glycosaminoglycans (sGAGs) was carried out using the 

dimethylmethylene blue binding assay (DMMB) (Blyscan, Biocolor Ltd., Northern Ireland) with a 

chondroitin sulphate (CS) standard. 

 

3.3.3 Assessment of total collagens  

Total collagen content was assessed through hydroxyproline measurement, with samples 

hydrolysed in concentrated hydrochloric acid (38% HCl) at 110°C for 18 hours. A chloramine-T 

assay was performed and collagen content was estimated using a hydroxyproline:collagen ratio of 

1:7.69. 155 

 

3.4 Qualitative Histological Assessment   

3.4.1 Cell fixation in monolayer 

Cells in monolayer were fixed in 4% paraformaldehyde (PFA) for 12 minutes, followed by 

washing in PBS.  

 

3.4.2 Whole organ fixation  

Rat discs were fixed overnight in 4% PFA at 4°C and decalcified in decalcification solution-

lite (Sigma-Aldrich, Merck Life Sciences, Ireland) until soft (~7 days). 

Goat discs were fixed for 48 hours in 4% PFA at 4°C, decalcification solution-lite was 

employed to decalcify solutions until soft, taking approximately 6 weeks.  

 

3.4.3 Sample dehydration for wax embedding 

Following fixation, samples were dehydrated sequentially in increasing ethanol solutions 

and paraffin wax embedded prior to sectioning on a microtome (Leica). 
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3.4.4 Sample preparation for cryosectioning 

To preserve structural integrity, samples such as goat whole motion segments and NP-ECM 

analogue gels were immersed in 30% sucrose as a cryoprotectant post-fixation. This was followed 

by embedding in optimal cutting temperature (OCT) compound, and being snap-frozen in liquid 

nitrogen, with sections obtained on a Leica CM3050 S cryostat.  

 

3.4.5 Histological staining  

Histological staining was performed as follows: haematoxylin and eosin (H&E) for 

cellularity, picrosirius red (PR) for collagen, and alcian blue (AB) for sGAG deposition. Sections 

were imaged on an Aperio AT2 Slide Scanner (Leica).  

 

3.5 Immunohistochemical Staining 

3.5.1 Sample preparation for monolayer and sectioned samples 

For samples in monolayer, cell membranes were permeabilised in 0.1% Triton X-100 for 

20 minutes, and non-specific binding was blocked with 1% bovine serum albumin in PBS for 30 

minutes (BSA, all Sigma-Aldrich, Merck Life Science Ltd., U.K.). Primary antibody solutions were 

applied overnight at 4°C, with a concentration matched IgG control used for all staining. Species-

matched AlexaFluor secondary antibodies were incubated for 1.5 hours, with nuclear 

counterstaining with Hoechst Bisbenzimide 33258 (Sigma-Aldrich).  

Following the relevant antigen retrieval method, wax embedded samples were likewise 

permeabilised with 0.1% Triton X-100 for 20 minutes and blocked for 1 hours in 5% BSA in PBS. 

Primary and secondary antibodies were applied as for monolayer samples.  

 

3.6 Statistical Analysis 

Statistical analysis was carried out using GraphPad Prism (version 10.4.0). Outlier ROUT 

tests were performed for each dataset, and data were tested for normality. Comparisons between 

two groups were performed using unpaired t-tests. For analysis between groups of three or more, a 

one-way ANOVA with Tukey’s post-hoc test was performed. In instances where there was a 

significant difference between group means, a Brown-Forsyth and Welch ANOVA test was 

employed. For comparisons between non-normally distributed data the Kruskal-Wallis test 

followed by Dunn’s multiple comparisons test was used, with data displayed as median ± 
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interquartile range. When examining differences between groups at more than one timepoint, a two-

way ANOVA with Tukey’s post-hoc test was utilised. p-values below 0.05 were considered 

statistically significant. All experiments included a minimum of three independent biological 

replicates represented as individual datapoints in the graphs, with graphical data presented as mean 

 standard deviation.  
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Chapter 4. In Vitro and Ex Vivo Screening of microRNA 

Combinations with Enhanced Cell Penetrating Peptides to Stimulate 

Intervertebral Disc Regeneration 

A significant portion of this chapter has been previously published in Ní Néill T., 

Barcellona M.N., Wilson N., O’Brien, F.J., Dixon, J.E., Curtin, C.M., Buckley, C.T (2024) “In vitro 

and ex vivo screening of microRNA combinations with enhanced cell penetrating peptides to 

stimulate intervertebral disc regeneration”. JOR Spine, 7(2) doi: 10.1002/jsp2.1366 

Contribution: Contributed substantially to the conception and design of the work. 

Performed the acquisition and interpretation of literature, data analysis, presentation and 

interpretation of results, drafting the article, critical revision, and final manuscript approval.  

 

4.1 Introduction 

The introduction of regenerative nucleic acids has gained ground over the last decade, with 

microRNAs (miRNAs) offering the potential to treat a range of disorders. 156-159 miRNAs function 

in the post-transcriptional regulation of target genes, of which for each miRNA hundreds of targets 

are applicable, 95,96 and this activity results in the stimulation or dampening of protein expression. 

101,102,104 From a regenerative standpoint, 4 pro-discogenic miRNAs were selected that have 

demonstrated therapeutic potential, both in terms of predicted targets and those experimentally 

validated in the literature, namely: miRNA-140-5p mimic, miRNA-141-3p inhibitor, miRNA-149-

5p mimic, and miRNA-221-3p inhibitor. 

miRNA-140-5p has been shown to have a positive impact on driving chondrogenesis in 

models of osteoarthritis (OA), with similar key markers as those observed in discogenesis; SOX9, 

aggrecan, and collagen type II, 160,161 and in catabolic enzyme expression, specifically ADAMTS5 

and MMP13, 162,163 indicating its potential usage in a regenerative capacity in the disc. The presence 

of miRNA-141 has been implicated as a driver of catabolic degeneration in human NP cells, 

stimulating ADAMTS5 and MMP13 expression. 164,165 Xu et al observed that by inhibiting miRNA-

141 there was a return towards healthy levels of collagen II and aggrecan deposition, with decreases 

in gene expression of ADAMTS and MMP family members. 166 The transduction of rat NP cells 

cultured in cytokine-stimulated media with miRNA-149-5p restored gene and protein expression 

of aggrecan and collagen type II towards non-stimulated, healthy levels. 167 In chondrocytes, a study 

by Wang et al found evidence indicating an anti-apoptotic role and silencing of MMP13, 168 which 

could aid in the stimulation of NP cells towards a regenerative behaviour. Finally, the silencing of 

miRNA-221 has been linked to enhancement of a discogenic-like phenotype for human NP cells in 
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vitro. 169,170 Dubbed chondroprotective, the inhibition of this miRNA may function in driving the 

deposition of ECM-related markers. Taken together, there is experimental evidence to suggest the 

applicability of these miRNAs for IVD regeneration.  

To exploit this regenerative potential of miRNAs, a method of delivery must be chosen to 

taxi these miRNAs into the cells. Though efficacious, the viral delivery of nucleic acids has 

decreased in popularity due to safety concerns and immunogenicity. 15,109,110 To this end, non-viral 

cell penetrating peptides (CPPs) that retain internalisation capabilities while proving less 

stimulatory of the immune system are being explored. In this study, two CPPs were identified for 

investigation, cationic 30mer amphipathic peptide (RALA) and GAG-binding enhanced 

transduction (GET) peptide FGF2B-LK12-8R (FLR), both of which function by complexing 

nucleic acids through electrostatic interactions. RALA, an amphipathic cationic peptide, has 

arginine residues incorporated throughout the structure to enhance the cationic charge and improve 

membrane transduction and internalisation. 18,171,172 A modified GAG-binding enhanced 

transduction (GET) peptide, FLR contains a fibroblast growth factor 2 heparin-binding domain that 

facilitates homing to the cell membrane conjugated to an amphipathic and cationic peptide 

seequence. 125,152  

The overall objective of this chapter was to screen the regenerative potential of four 

indivually delivered and six miRNA pairings in vitro and in an ex vivo organ culture model, while 

simultaneously assessing the suitability of CPPs for miRNA delivery to the NP region.  

 

4.2 Materials and Methods 

4.2.1 Monolayer transfection of rat nucleus pulposus cells 

For immunofluorescence of protein markers cells were seeded at a density of 1x104 in 18- 

well µ-well slides (Ibidi GMBH, Germany) and allowed to attach for 24 hours prior to transfection. 

For biochemical analysis of aggrecan and collagen production, NP cells were seeded at 1x105 in 6 

well plates, again allowing 24 hours for attachment. In all cases, complexes were formed for 30 

minutes at room temperature (RT) as described above in serum free OptiMEM (Invitrogen, Bio-

Sciences Ltd., Ireland). Complexes were added to cells following a phosphate buffered saline (PBS) 

wash and transfection allowed to proceed for 5 to 6 hours at 37°C. At the end of incubation, 

complexes were removed, and cells cultured for 3 days for immunofluorescence analysis, and 14 

days for biochemical analysis with media changes performed biweekly where appropriate. For all 

transfection experiments a non-transfected (NT) control receiving OptiMEM alone was utilised. 

Preliminary transfection efficiency had previously been shown in the Buckley lab by flow 
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cytometry as being above 90% for RALA and FLR at a dose of 10 ng/µl, with viability 24 hours 

post-transfection above 80% as assessed by Calcein staining. To ensure transfection was not 

impacting on ECM protein production, a negative mimic control (Horizon Discovery, U.K.) was 

employed as per manufacturer’s instructions. For monolayer cultures, between 3 and 5 independent 

biological replicates were performed, as indicated in the Figure legends. Table 4.1 outlines the 

specific cell culture experimental set-up for each experiment. For ease of culture, all initial 

screenings were carried out under normoxic (20% O2) conditions in a humidified atmosphere at 

37°C. 

Table 4. 1 Experimental outline of nucleus pulposus cell monolayer experiments. 

Assay Single/ 

Dual 

miRNA 

Time 

Point 

Plate 

Size 

Seeding 

Density 

Cytokine 

Insult 

Output 

Immunofluorescence Single 3 days 18-

well 

µ-well 

slide 

(Ibidi) 

1x104 No Protein: 

aggrecan, 

collagen 

type II 

Immunofluorescence Dual 3 days 18-

well 

µ-well 

slide 

(Ibidi) 

1x104 Yes Protein: 

aggrecan, 

collagen 

type II 

Immunofluorescence Dual 3 days 18-

well 

µ-well 

slide 

(Ibidi) 

1x104 Yes Protein: 

ADAMT

S5, 

MMP13 

Biochemical 

Quantification 

Dual 14 

days 

6-well 1x105 Yes DNA, 

sGAGs, 

collagen 
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4.2.2 Proinflammatory cytokine challenge 

To better represent physiological conditions a cytokine challenge was employed for 

assessing dual miRNA transfections. 24 hours post-seeding, cells were starved of serum for 24 

hours and subsequently insulted with TNF-α (50 ng/mL) and IL-1β (10 ng/mL) for a further 24 

hours as previously described. 173,174 After 24 hours of incubation, cytokine media was removed, 

cells were washed with PBS and miRNA-vector complexes were incubated as previously described.  

 

4.2.3 Immunohistochemistry of monolayer cultures  

Primary antibody solutions: rabbit-anti-collagen II (PA599159), rabbit-anti-aggrecan 

(MA532695), rabbit-anti-ADAMTS5 (PA532142), and mouse-anti-MMP13 (MA514247, all 

Invitrogen, Bio-Sciences Ltd., Ireland), were incubated overnight at 4°C. A concentration-matched 

IgG control was used for all staining. Species-matched AlexaFluor secondary antibodies: goat anti-

rabbit 488 (ab150077, Abcam, U.K.) and goat anti-mouse 488 (A11001, Invitrogen, Bio-Sciences 

Ltd., Ireland) were incubated for 1.5 hours, with nuclear counterstaining with Hoechst 

Bisbenzimide 33258 (Sigma-Aldrich, Merck Life Sciences Ltd., U.K.). Images for each 

independent biological replicate were captured in triplicate on a Leica SP8 Scanning Confocal 

Microscope (Lecia Microsystems, Germany), with analysis of protein expression quantified using 

a custom CellProfiler pipeline (CellProfiler 4.2.1), which measures the signal intensity and 

normalises per cell number. Fluorescence intensity was normalised to NT control to determine the 

degree of fold change between groups, with 3-5 independent biological replicates performed.  

 

4.2.4 Rat ex vivo organ culture  

The top three caudal discs were isolated from rat tails, removing the skin and tendons to 

allow for easier access to the disc section. To avoid swelling of the NP, the CEP and vertebral 

elements were left intact. Following successive washes in povidone iodine (Duggan Veterinary 

Supplies Ltd., Ireland) and 70% industrial methylated spirt (IMS) the discs were incubated in LG 

DMEM, supplemented with 2% Pen/Strep, 0.2% Primocin (InvivoGen), and 0.25µg/mL 

Amphotericin B (Sigma-Aldrich, Merck Life Sciences Ltd., Ireland) for 24 hours, before culture 

for 7 days in XPAN at physioxic (5% O2) to more accurately simulate the native IVD. At day 7, 

discs were injected with 2µL of 0.025U chondroitinase ABC (cABC, Sigma-Aldrich, Merck Life 

Sciences Ltd., Ireland) using a 30G needle and degeneration allowed to progress for 7 days. 
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Complexes of the miRNA combinations were formed for 30 minutes at a concentration of 25ng/µL 

and 2µl was delivered directly into the NP region. 14 days post-transfection the discs were fixed 

overnight in 4% PFA and decalcified in decalcification solution-lite (Sigma-Aldrich, Merck Life 

Sciences, Ireland) until soft (~7 days). Each experiment was performed independently with 3 

biological replicates. NP cell viability was assessed by live/dead staining with Calcein AM 

(Biotium) and Ethidium homodimer (Sigma-Aldrich, Merck Life Sciences Ltd., Ireland)  for 4 

independent biological replicates and imaged on a Leica SP8 Scanning Confocal Microscope (Leica 

Microsystems, Germany).  

 

4.2.5 Immunocytochemistry 

Disc sections were sliced in the sagittal orientation to a 10µm thickness on a microtome 

(Leica Microsystems, Germany). Antigen retrieval was carried out using 35 U/mL pronase at 37°C 

for 30 minutes, followed by membrane permeabilisation with 0.1% Triton X-100 and blocking for 

1 hour with 5% BSA in PBS. Primary antibody solutions for rabbit-anti-SOX9, rabbit-anti-

ADAMTS5 (PA532142, Invitrogen, Bio-Sciences Ltd., Ireland), and mouse-anti-MMP13 

(MA514247, Invitrogen, Bio-Sciences Ltd., Ireland) were prepared in 1% BSA in PBS, with a 

concentration-matched IgG control, and incubated overnight at 4°C. Species-matched AlexaFluor 

secondary antibodies: goat anti-rabbit 488 (ab150077, Abcam, U.K) and goat anti-mouse 488 

(A11001, Invitrogen, Bio-Sciences Ltd., Ireland) were incubated for 1.5 hours at room temperature, 

with nuclear counterstaining using Hoechst Bisbenzimide 33258 (Sigma-Aldrich, Merck Life 

Sciences, Ireland). Samples were mounted with Fluoromount Aqueous Mounting Media (Sigma-

Aldrich, Merck Life Sciences, Ireland) and imaged on a Leica SP8 Scanning Confocal Microscope. 

To assess protein expression, regions of interest (ROIs) of equal size were captured and 

fluorescence measured. The corrected total cell fluorescence was then determined as follows: 

Integrated Density – (Area of Selected Cell Mean * Mean Fluorescence of Background Readings). 

All read outs were normalised to the NT control to express fold changes of protein expression. 

 

4.2.6 Bioinformatics analysis 

To further investigate the roles of miRNA-149-5p mimic and miRNA-221-3p inhibitor in 

the degeneration of the IVD, strongly evidenced miRNA-gene interactions (those identified through 

reporter assays, Western blotting, or quantitative polymerase chain reaction (qPCR)) were 

determined using the online repositories miRNATarBase, 175 and MIENTURNET. 176 A miRNA-

gene target list was achieved with a cut-off of p < 0.05. The lists for both miRNAs were visualised 

in Cytoscape, Version 3.10, 177 and enriched utilising the Gene Ontology Biological Process Tool, 

https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/php/index.php
http://userver.bio.uniroma1.it/apps/mienturnet/
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removing redundant results. Relevant pathways were isolated, and protein-protein interaction (PPI) 

networks were visualised through the Search Tool for the Retrieval of Interacting Genes (STRING) 

database, 178,179 employing a 0.8 confidence score cut-off. Nodes were displayed as being larger 

with higher levels of expression in the extracellular space, given the importance of ECM production 

in the IVD. The datasets obtained from miRTarBase and MIENTURNET are available in the 

Supplemental Information.  

 

4.3 Results 

4.3.1 Delivery of individual miRNAs demonstrated favourable influence on 

the modulation of extracellular matrix proteins in monolayer culture 

As identified from literature, the four selected miRNAs, miRNA mimics 140-5p and 149-

5p, and inhibitors of miRNAs 141-3p and 221-3p, were delivered individually to NP cells in 

monolayer by both RALA and FLR vectors, and their effect on regenerative ECM markers aggrecan 

and collagen II was assessed. Immunofluorescence quantification demonstrated transfection with 

miRNA-140 mimic significantly enhanced aggrecan deposition following transfection with FLR 

(p=0.015), and collagen II protein production was significantly increased by RALA delivery 

(p=0.014), with a positive trend for FLR (p=0.081) (Fig. 4.1 A, B). Some increases were also 

exhibited for miRNA-149 mimic (Fig. 4.1 C, D) and miRNA-221-inhibitor (Fig. 4.1 E, F), although 

these were not found to be statistically significant. RALA-miRNA-221-3p inhibitor stimulated 

significant aggrecan expression (p=0.046), with collagen II showing increases (Fig. 4.1 G, H). 

Generally, improvements to matrix protein expression were approximately 1.5 to 2-fold range in 

comparison to the NT control.  
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Figure 4.1 Transfection of rat nucleus pulposus cells with individual miRNA mimics and 

inhibitors with cell penetrating peptides demonstrated positive trends towards increased 

matrix production in monolayer culture. (A&B) miRNA 140 mimic transfection significantly 

increased aggrecan (ACAN) and collagen type II (COL2) protein expression, (C&D) 149 mimic, 

(E&F) 141 inhibitor and (G&H) 221 inhibitor demonstrated instances of increased protein 

expression of ACAN and COL2 three days post-transfection. * (p<0.05) indicates statistical 

significance, N ≥ 3. Scale bars are 100 µm. 
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4.3.2 Transfection of therapeutic dual-miRNA enhanced the deposition of 

matrix proteins in 2D monolayer culture 

While some upward trends were identified from individual miRNA delivery, it was next 

explored if a combinatorial approach may amplify the regenerative response while also dampening 

the catabolic cascade associated with degeneration. Here, all groups, including NT controls were 

stimulated with pro-inflammatory cytokines to induce catabolic enzyme production in order to 

evaluate how miRNA pairings could influence the promotion of matrix proteins and the suppression 

of degradative catabolic factors. With regards to aggrecan production, miRNA-140 mimic + 

miRNA-141 inhibitor markedly improved protein expression (RALA-group p=0.002, FLR-group 

p=0.045), with RALA-miRNA inhibitors 141 + 221 demonstrating similar promise (p=0.046, Fig. 

4.2 A, B). FLR-miRNA mimics 140 + 149 approached significance (p=0.051) for aggrecan 

deposition. Amongst the remaining three combined groups, increases approaching a 4-fold increase 

were observed, in comparison to approaching 1.5 to 2-fold with single miRNA transfections, 

signifying the enhanced potential of dual miRNA delivery. Immunofluorescence analysis of 

collagen displayed less altered protein expression, though increases approached a mean 5-fold 

increase for a number of groups, such as miRNA mimics 140+149, miRNA-141 inhibitor+miRNA-

149 mimic, miRNA inhibitors 141+221, and miRNA-149 mimic and 221 inhibitors (Fig. 4.2 C, D), 

again this was enhanced compared to the delivery of individual miRNAs (Fig. 4.1 A-H).  
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Figure 4. 2 Delivery of miRNAs pairings with cell penetrating peptide mediated delivery 

increased extracellular matrix protein deposition in rat nucleus pulposus monolayer culture. 

(A&B) Immunofluorescence analysis 3 days post-transfection exhibited increases in aggrecan 

(ACAN) expression for miRNA-140-mimic + miRNA-141-inhibitor, and miRNA-141-inhibitor + 

miRNA-221-inhibitor. Deposition of aggrecan demonstrated some positive trends toward increased 

deposition after 14 days in monolayer culture. (C&D) Collagen type II (COL2) protein expression 

demonstrated similar non-significant increases in production at 3 days post-transfection. * (p<0.05), 

** (p<0.01) indicates statistical significance, N ≥ 4. NT: Non-transfected. Scale bars are 100 µm. 

 

Upon ascertaining that delivery of a negative control scramble miRNA did not significantly 

alter DNA, sGAG, or collagen content (Fig. 4.3 A), biochemical analysis was performed on each 

miRNA-pairing. No significant differences were found between the NT control and transfected 
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groups (Fig. 4.3 B). Collagen deposition in 2D culture demonstrated limited changes in comparison 

to NT groups (Fig. 4.3 C), potentially representing the unsuitability of monolayer culture systems 

for identification of ECM factors and their modulation. 

 

Figure 4.3 Biochemical analysis of rat nucleus pulposus monolayer cultures following vector-

scramble miRNA and vector-miRNA pairing delivery. (A) Delivery of a negative control 

miRNA showed no significant changes to biochemical  quantification 14 days post-transfection. 

(B) Sulphated glycosaminoglycans (sGAG) and (C) collagen (COL). Data is displayed as sGAG or 

COL normalised to DNA content and the non-transfected (NT) control. N =5, ns: non-significant. 

 

4.3.3 Impact of dual-vector-miRNA delivery on catabolic enzyme expression 

in monolayer culture 

As mentioned, cytokine stimulation was included for all groups to drive catabolic enzymes 

such as ADAMTS5 and MMP13 and screen the prospective downregulation of dual-miRNA 

delivery. RALA-mediated delivery substantially increased ADAMTS5 above that of the NT and/or 
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FLR groups, in the case of miRNA groupings 140 + 149 mimics, miRNA-140 mimic + miRNA-

221 inhibitor, miRNA inhibitors 141+221, and miRNA-149 mimic + 221 inhibitor (Fig. 4.4 A, B). 

Similar increases were identified for MMP13 in particular for miRNA-140 mimic + miRNA-141 

inhibitor, and miRNA mimics 140 + 149 (p=0.069), and to a greater extent in the RALA groups 

(Fig. 4.4 C, D).  

 

 

Figure 4.4 Effect of vector-miRNA pairings on the production of catabolic enzymes in rat 

nucleus pulposus monolayer culture. (A&B) ADAMTS5 expression three days post-transfection 

was significantly increased for miRNA-140 + miRNA-149 mimics, miRNA-140 mimic + miRNA-

221-inhibitor, miRNA-141-inhibitor + miRNA-221-inhibitor, and miRNA-149 mimic + miRNA-

221-inhibitor in comparison to non-transfected (NT) and FLR transfected cells. (C&D) MMP13 

protein expression showed some instances of increases though none to a significant degree. 
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*p<0.05, **p<0.01 indicates statistical significance, N=4-5 independent biological replicates. Scale 

bars are 100 µm. 

 

4.3.4 Dual-Vector-miRNAs fostered a regenerative niche in rat ex vivo organ 

culture 

Histological appraisal of sGAG presence revealed marked increases in a number of the 

groups, such as RALA-miRNA-140 mimic + miRNA-221 inhibitor and miRNA-141 + miRNA-

221 inhibitor. Transfection using FLR led to increased sGAG deposition for miRNA-140 mimic + 

miRNA-141 inhibitor, and miRNA-140 + 149 mimics. Overall, the strongest staining was shown 

for miRNA-149 mimic + miRNA-221 inhibitor, with the FLR group supporting the largest increase 

in sGAG staining (Fig. 4.5 A). A significant increase in the key transcription factor SOX9 was 

observed following RALA-miRNA-140 + 149 mimics delivery in comparison to both the healthy 

and NT control, with evidence of increasing expression in the other groups for both vector-mediated 

transfections (Fig. 4.5 B, C).  
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Figure 4. 5 Histological staining of miRNA pairings delivered with cell penetrating peptides 

(RALA and FLR) in ex vivo rat caudal organ cultures 14 days post-transfection demonstrated 

instances of increases to glycosaminoglycan (GAG) and transcription factor SOX9.(A) 
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Collagen was detected with picrosirius red staining (red), and (GAG) presence with alcian blue 

(blue/purple). There is evidence of increased GAG deposition in comparison to the controls in 

groups 140+141-in, 140+149, and 141-in+149, with more intense GAG staining observed for FLR 

149+221-in. (B) Antibody labelling of SOX9 (magenta) revealed elevated expression levels across 

the majority of groups with a significant upregulation after transfection with RALA-miRNA-

140+149. (C) Semi-quantitative analysis of SOX9 expression. * (p<0.05) indicates statistical 

significance, N=3 independent biological replicates. Healthy controls did not receive cABC 

treatment, with non-transfected (NT) controls degenerated with cABC and injected with a sham 

PBS injection. Scale bar for histology images of whole discs is 500 µm, images of GAG staining 

are 150 µm. Scale bar for fluorescence images is 100µm. Scale bar for insets with nuclear (blue) 

staining are 20 µm. 

 

In addition to increases in sGAGs, an encouraging suppression of key ECM-degrading 

proteins was evidenced with immunofluorescence imaging in the FLR-miRNA-149 mimic + 

miRNA-221 inhibitor group A significant decrease in ADAMTS5 (p=0.036) protein expression was 

identified (Fig. 4.6 A, B).   

 

Figure 4. 6 Combined delivery of FLR-miRNA-149 mimic and miRNA-221-inhibitor 

markedly decreased protein expression of the catabolic enzyme ADAMTS5 in rat caudal 



42 

 

organ cultures 14 days post-transfection. (A) Immunolabelling for ADAMTS5 (green) 

demonstrated significantly reduced expression following transfection of miRNA-149 mimic and 

miRNA-221-inhibitor using FLR, lower than that of the non-transfected (NT) control. (B) * 

(p<0.05) indicates statistical significance, N=3 independent biological replicates. Scale bar is 100 

µm. Scale bar for insets with nuclear (blue) staining are 20 µm. 

 

The reduction in ADAMTS5 protein release was concomitant with a marked reduction in 

MMP13 (p=0.001) (Fig. 4.7 A, B). In both cases, the fold change were equivalent to expression in 

the healthy, non-degenerated discs. Interestingly, mirroring somewhat what was observed in 

monolayer, RALA-miRNA-140 mimic + miRNA-221 inhibitor elevated MMP13 expression and 

was found to be significant (p=0.022).    

 

Figure 4. 7 FLR-miRNA-149 mimic and miRNA-221-inhibitor combined delivery 

significantly reduced protein expression of the catabolic enzyme MMP13 in rat caudal ex vivo 

organ culture explants 14 days post-transfection. (A) Immunofluorescence detected significantly 

reduced MMP13 (yellow) expression following transfection of FLR-miRNA-149 mimic and 

miRNA-221-inhibitor in comparison to the non-transfected (NT) control. (B) RALA-mediated 

miRNA-140 mimic and miRNA-221-inhibitor transfection significantly increased MMP13 



43 

 

production. * (p<0.05) ** (p<0.01) indicates statistical significance, N=3 independent biological 

replicates. Scale bar is 100 µm. Scale bar for insets with nuclear (blue) staining are 20 µm. 

As the most promising of the screened dual-miRNAs NP viability following 21 days in 

culture was assessed. Viability was found to be 48.32% for the healthy control, 47.51% for the NT 

control, and 49.16% for the vector-dual-miRNA treatment, with no significant differences between 

groups (Fig 4.8).  

 

Figure 4.8 Cell viability of rat caudal NP tissue following 21 days of ex vivo organ culture. A. 

Representative images of maximum projection of z-stacks of Calcein AM (green, live) and 

Ethidium homodimer (red, dead) staining. B. Viability assessment of live and dead cells. Healthy 

discs were non-degenerated. Chondroitinase ABC (cABC), NT and FLR-miRNA-149+221-in 

groups were mildly degenerated with cABC for 7 days prior to Sham or miRNA-pair treatment. 

Scale bar is 150 µm. N=4. 

 

 

4.3.5 Enrichment analysis identified distinct pathways and targets that interact 

with miRNA-149-5p mimic and miRNA-221-3p inhibitor 

To further investigate the mechanism behind miRNA-149-5p mimic and miRNA-221-3p 

inhibitor in the downregulation of catabolic factors and stimulation of anabolic factors in the IVD, 

bioinformatic tools were utilised. A total of 54 strongly validated enriched targets were identified 

for the two miRNAs. miRNA-149-5p mimic was significantly implicated in a number of relevant 

pathways, including Response to Lipopolysaccharide (LPS), Execution Phase of Apoptosis, 

Response to Peptidoglycan, and Regulation of Signal Transduction (Fig.4.9 A-D). A table of all 

gene name abbreviations is provided in Appendix B.1. 
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Figure 4. 9 Gene ontology (GO) pathway enrichment analysis of miRNA-149-5p and 

experimentally validated protein targets. (A) Regulation of Signal Transduction. (B) Cytokine 

Receptor Binding. (C) Execution of Apoptosis. (D) Response to Lipopolysaccharide.  

Expression levels within the extracellular compartment are visually presented, where larger 

nodes correspond to greater degree of expression within the extracellular space. Nodes are 

connected if an interaction is known to occur.  Network constructed in Cytoscape Version 

3.10. GTP: Guanosine triphosphate. 
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Conversely, miRNA-221-3p was enriched for pathways that relate to IDD, including 

Response to Hypoxia, Signal Transduction, Response to Cytokine, and Regulation of Protein 

Serine/Threonine Kinase Activity (Fig. 4.10 A-D). Interestingly, except for BCL2 Binding 

Component 3 (BBC3), there was no overlap in the target protein interactions, with both miRNAs 

having distinct targets and pathways with which they interact. A full list of abbreviated gene terms 

is provided in Appendix B.2. 
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Figure 4. 10 Gene ontology (GO) pathway enrichment analysis of miRNA-221-3p and 

experimentally validated protein targets. (A) Response to Hypoxia. (B) Signal Transduction. (C) 

Response to Cytokine. (D) Regulation of Protein Serine Threonine Kinase Activity. Expression 

levels within the extracellular compartment are visually presented, where larger nodes correspond 

to greater degree of expression within the extracellular space. Nodes are connected if an interaction 

is known to occur. Network constructed in Cytoscape Version 3.10. NA: Nucleic acid, GTP: 
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Guanosine triphosphate, MAPK: Mitogen-activated protein kinases, P13K: Phosphoinositide 3-

kinase.  

 

4.4 Discussion 

The introduction of non-virally delivered nucleic acids is an attractive therapeutic avenue, 

whereby key proteins and pathways can be regulated in a manner that drives regeneration or 

suppresses catabolic factors. For IVD treatment, this chapter highlights the potential of dual miRNA 

delivery when combined with CPPs and demonstrated that FLR-miRNA-149-5p mimic + miRNA-

221-3p inhibitor stimulated the production of sGAGs and ECM proteins, while encouraging the 

downregulation of matrix degrading enzymes (ADAMTS5 and MMP3). Although there were 

promising results observed in monolayer culture, the adoption of an ex vivo organ culture model 

underscored the significance of using biologically relevant models. In this model, a notable 

reduction in catabolic enzyme activity was observed, further emphasising its relevance and 

potential. 

Within monolayer investigations, increases in aggrecan and type II collagen protein 

expression above 4-fold in the miRNA pair groupings were identified, suggesting that dual-

transfection is amplifying the regenerative response. In vitro protein expression increases following 

miRNA delivery above 1.5-fold of both aggrecan, and collagen type II have been linked to 

improvements to disc height index (DHI), GAG production, and restoration of the catabolic : 

anabolic balance in rodent models. 127,165  The potential and efficacy of dual-miRNA pairings has 

also been observed in other fields. In the context of diabetic wounds, Wang and colleagues identified 

that while transfection using miRNAs-129 and -335 individually promoted healing, when delivered 

in tandem this effect was strengthened. 180 In a similar manner, it was identified that dual delivery 

of let-7b and miRNA-34a reduced the proliferation of non-small cell lung cancer lines to a greater 

degree than single delivery alone, subsequently reducing tumour size. 181 Building on a 2009 study, 

182 Mariner et al differentiated human MSCs towards an osteogenic lineage with co-delivery of 

miRNA-148b mimic and miRNA-489 inhibitor, to a greater extent than individual delivery. 183 

Loading of collagen-nanohydroxyapatite scaffolds with a combination of miRNA-210 mimic and 

miRNA-16 inhibitor resulted in significantly increased vascularisation and bone density in a rat 

calvarial defect model, further indicating the potential of dual miRNA delivery. 184 These examples 

offer insight into the potential strengthening of positive stimuli with the correct combination of 

miRNAs and their cooperative impact.  

In relation to the expression of catabolic proteins in monolayer, ADAMTS5 expression was, 

for the majority of the miRNA-pair groups, enhanced in the RALA groups, with FLR-transfected 
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combinations at times being significantly reduced in comparison. A similar, though not as 

pronounced effect was seen for MMP13. The FLR CPP was designed to include a GAG-binding 

peptide which fosters interaction with the lipid bilayer of the target cell and enhances cellular uptake 

of the given cargo. 126 Potentially, the homing effect of FLR to GAG-rich domains, which is 

abundant in the NP, facilitated targeted delivery of the miRNA-pairings, resulting in more efficient 

downregulation of ADAMTS5 and MMP13. The monolayer parameters of these screening 

experiments should be taken into consideration however, and the inherent lack of a protective ECM. 

185  These conditions may have exacerbated the effect of the cytokine challenge, whereby any 

potential anabolic effect of the vector-miRNA-pairings may have been reduced. The variability 

identified may lie in the inherent inter-donor differences, with rats being from different donors and 

preparations. Added to this, cells used for in vitro studies often lose their circadian synchronicity, 

which may impact upon their responses to treatments, 186,187 prompting further investigations in a 

more relevant ex vivo organ culture model. A limitation of the 2D screenings was the 

implementation of normoxic culture conditions, which may have impacted upon matrix production 

and influenced the phenotype of NP cells, however, for ex vivo organ culture experiments physioxic 

oxygen levels were adopted. 

Similar to the 2D experiments, when examining ex vivo organ cultures, elevated deposition 

of ADAMTS5 and MMP13 in the RALA groups compared to the FLR groups was observed. For 

most FLR-miRNA pairings, a decrease in enzyme production was detected, which was comparable 

to the levels seen in the non-degenerated, healthy control group. However, the strongest decreases 

for both ADAMTS5 and MMP3 were identified in the FLR-miRNA-149-5p mimic + miRNA-221-

3p group. Increases in the expression of the key transcription factor SOX9 were identified in all 

groups, with the strongest degree of sGAG deposition observed histologically in the FLR-miRNA-

149-5p mimic + miRNA-221-3p inhibitor group. Deemed an anti-chondrogenic miRNA, the 

inhibition of miRNA-221-3p has been shown to promote chondrogenesis through stimulation of 

aggrecan and collagen type II production. 188,189 Recently, the application of acetone extracts from 

Violina pumpkin leaves to IVD cells demonstrated the suppression of miRNA-221 expression and 

promoted the restoration of a healthy disc phenotype. This was notably characterised by a 

significant increase in the levels of aggrecan, collagen type II, and SOX9, in conjunction with 

enhanced resilience to damage induced by reactive oxygen species (ROS). 190 miRNA-149-5p was 

identified as a promoter of discogenic behaviour under LPS-stimulated culture conditions. 167 Its 

role in positively regulating the inflammatory response has been extensively documented in disease 

models of OA. 191,192 Elevated levels of pro-inflammatory cytokines, specifically IL-1β and TNF-

α, are observed in degenerated discs, exacerbating the catabolic cascade. 43,53,193,194 To further 

elucidate the potential of FLR-miRNA-149-5p mimic + miRNA-221-3p inhibitor, future 

investigations will integrate anti-inflammatory mechanisms and their role in IVD degeneration.  
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The enhanced modulation of regenerative outcomes with dual-miRNA delivery may be 

explained by the targeting of distinct sets of pathways by both miRNA-149-5p mimic + miRNA-

221-3p inhibitor. Through the analysis of enriched and experimentally validated miRNA-target 

interactions, various pathways and targets of both miRNA-149-5p mimic and miRNA-221-3p 

inhibitor were identified. miRNA-149-5p was primarily associated with a role in inflammatory 

processes, such as validated interactions with interleukin-6 (IL-6), Fas Ligand (FASLG), and 

myeloid differentiation primary response protein 88 (MyD88), all of which were highly expressed 

in the extracellular compartment. A meta-analysis conducted by Deng et al demonstrated a 

significant increase in IL-6 protein expression in patients with IDD compared to controls. 195 

Additionally, a separate study established a correlation between IL-6 concentration and LBP. 196 

Clinically, the incidence of reported pain and higher levels of IL-6 has been identified, 197 suggesting 

the importance of this cytokine in the degenerative cascade involved in IDD and the associated 

clinical relevance. As a member of the TNF family, polymorphisms in FASLG have been associated 

to degeneration of the IVD, 198 with FASLG driving NP cell apoptosis through the binding of FAS 

and recruitment of pro-inflammatory cytokines. 199,200 The toll-like receptor MyD88 has previously 

been linked with miRNA-149 in LPS-stimulation, whereby its silencing facilitated a dampening of 

the inflammatory milieu and stimulated a return towards a healthy expression of aggrecan and 

collagen type II. 167 MyD88 expression has been identified as being driven by pro-inflammatory 

cytokines in the disc 201 along with the immune response in cardiovascular and neurological 

disorders. 202,203 Considering the role of inflammation in IDD, the potential of miRNA-149-5p to 

mitigate these effects holds significant promise.  

As a chondrogenesis-related miRNA, miRNA-221-3p was enriched for ECM-related 

pathways, with highly expressed targets in MMP2, Tissue Inhibitor of Metalloproteinase 3 

(TIMP3), and C-X-C Motif Chemokine Ligand 12 (CXCL12) within the extracellular space. As 

matrix degrading enzyme promoters and inhibitors, respectively, a dysregulation of members of the 

MMP and TIMP families exacerbates the catabolic imbalance at the crux of IDD. 11,37 MMP2 

specifically acts through the degradation and remodelling of collagens, 204 and polymorphisms in 

the gene have been associated with a statistically significant increase in the risk of developing IDD. 

205 TIMP3 is unique among the TIMP family as it can suppress all MMPs, and a range of ADAMTS, 

including -4 and -5 which are of particular relevance to IDD. 12,41,206 A recent study identified a 

suppression of the discogenic pain marker Substance P following stimulation with TIMP3 in a 

rodent model, possibly through a reduction in vascularisation. 207 The upregulation of TIMP3 could 

therefore serve a therapeutic role when seeking regenerative therapies. Serum levels of the 

chemokine CXCL12, also referred to as stromal cell-derived factor 1 (SDF-1), have been found to 

be elevated with more severe levels of IVD degeneration and associated pain. 208 A connection has 

been identified between a dose-dependent effect of CXCL12 upon MMP2 protein expression in 
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cartilage endplate (CEP) cells, however, when delivered directly to the NP region in a rat tail model 

facilitated an increase in proteoglycan deposition, possibly via a stem cell homing mechanism. 209 

Contrary to this amelioration of degeneration in the NP, CXCL12 has predominantly been linked to 

inflammation-induced apoptosis and matrix destruction. 210-212 Given the potential relationships 

between TIMP3, MMP2, and CXCL12, their interactions with miRNA-221-3p may prove 

advantageous in restoring regenerative function to the damaged IVD.  

Finally, this chapter highlights the importance of adopting an appropriate and relevant study 

model, particularly when working within the three-dimensional constraints of the native ECM. 

While monolayer investigations evidenced some trends, more meaningful results were 

demonstrated in the ex vivo organ culture model. In the context of the IVD, NP cells readily lose 

their native phenotype when cultured in monolayer. 213 Furthermore, rats belong to the subsection 

of species that retain an NP progenitor notochordal cell population throughout adulthood. However, 

previous work has identified the reduction of notochordal porcine cells upon passaging, whereby 

NP and notochordal cells were indistinguishable from one another 214. In the rat ex vivo organ 

culture model, notochordal cells will be present and constitute up to 30% of the NP cell population. 

However, injury in the form of degeneration diminishes this number. 215 Notochordal cells have 

been linked to regenerative potential 30,216, and their presence may have aided in some of the positive 

changes identified following miRNA delivery. Nonetheless, utilising the entire organ imparts a 

more physiologically relevant niche upon which to assess therapeutics, with the native ECM 

providing paracrine signalling to better replicate those reported in vivo. 135 Furthermore, ex vivo 

culture systems better reconstitute the metabolic microenvironment, offering more realistic systems 

to explore potential therapeutics. 137 The inclusion of a whole organ also offers the potential of 

employing loading pressure that more closely resembles the native mechanical stimuli experienced 

to gain deeper insights into potential treatment outcomes. 136  

The reduction shown in pro-catabolic enzymes possibly signifies the beginning of the 

creation of a microenvironmental niche with reduced catabolic activity that would facilitate 

regeneration. The salient biochemical characteristics of the degenerated NP are defined by a 

destabilisation of homeostasis causing reductions in vital discogenic proteins such as aggrecan and 

type II collagen, stimulation of degradative enzymes, including members of the ADAMTS and 

MMP families, and an increased inflammatory response. 217-219 The importance of ameliorating this 

degradative cascade has been well documented. 34,37,39,220,221 There could potentially be an 

inflammatory response to the carrier; however, such a reaction has not previously been reported for 

RALA or FLR. 172,222 Additionally, inflammation at the site of the injection could occur, as has been 

documented in in vivo rodent models. 223,224 The marked reduction in ADAMTST5 and MMP13 

identified in the ex vivo organ culture for FLR-miRNA-149-5p mimic + 221-3p inhibitor may 

signify a calming of this catabolic environment, creating a niche whereby regenerative effects can 
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proceed, as observed with the increased sGAG deposition. This promising result demonstrates how 

the delivery of exogenous therapeutic vector-miRNA pairings can influence and engineer a suitable 

microenvironment to facilitate the return towards a homeostatic balance. 

4.5 Conclusion 

Through screening 6 potentially regenerative miRNA pairings delivered by employing two 

CPPs, FLR-miRNA-149-5p mimic + miRNA-221-3p inhibitor pairing was identified as being the 

most suitable for the deposition of sGAGs, and simultaneous dampening of pro-catabolic factors. 

A bioinformatics approach to analyse the experimentally validated targets of these two miRNAs 

demonstrated distinct targets and pathways that may be beneficial for IVD regeneration, with dual 

delivery amplifying those expected when delivered in isolation. Overall, this chapter suggests a 

therapeutic vector-miRNA pairing that may foster regeneration by the creation of an anti-catabolic 

niche within the IVD.  
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Chapter 5.  Restoring Disc Matrix Homeostasis: Dual-miRNA and 

Human Platelet Lysate as a Novel Therapeutic Strategy 

 

A significant portion of this chapter has been previously published in Ní Néill, T., Wilson 

N., Thomas J., McDonnell, J.M., Darwish, S.L., Butler, J.S., O’Brien, F.J., Dixon, J.E., Curtin, 

C.M., Buckley, C.T (2026) “Restoring Disc Matrix Homeostasis: Dual-miRNA and Human Platelet 

Lysate as a Novel Therapeutic Strategy”. Materials Today Bio 38:103190. doi: 

10.1016/j.mtbio.2026.103190 

Contribution: Played a key role in the conception and design of the study. Carried out the 

literature review, data collection and analysis, interpreted and presented the results, prepared the 

manuscript draft, undertook critical revisions, and approved the final version for publication. 

 

5.1 Introduction 

A multitude of regenerative medicine approaches have been trialled to tackle degeneration 

of the IVD, including cell therapies,225-227 biomaterial augmentation,228-230 and growth factor (GF) 

delivery.58,231-233 In pre-clinical models, GF supplementation appears to be promising and beneficial, 

but the long-term efficacy has been limited, particularly due to single-dose durability and short half-

life.234-236 Building on this, instead of incorporating a single factor, using a cocktail may offer a 

multi-pronged strategy to enhance regenerative outcomes. Platelet lysate, derived from plasma, is 

enriched with multiple GFs including but not limited to members of the transforming growth factor 

(TGF) family, platelet-derived growth factor (PDGF), and vascular endothelial growth factor 

(VEGF).59 Originally used as a serum substitute in cell culture237, platelet lysate has demonstrated 

extracellular matrix (ECM) enhancing potential in the field of orthopaedics, including the 

upregulation of key components such as aggrecan and collagen type II, both in vitro and in vivo.62-

65  

Human platelet lysate (HPL) delivery has been explored clinically in the treatment of 

numerous musculoskeletal conditions, involving tissues with limited intrinsic healing potential, 

similar to the IVD. In the IVD field, a preliminary prospective trial reported that 47% of patients 

had significant improvements to the visual analogue score (VAS) and Oswestry Disability Index 

(ODI) 6 months-post single platelet rich plasma injection.68 A prospective double-blind randomised 

clinical trial (RCT) evaluated a single intradiscal lysate injection in patients with chronic low back 

pain, reporting statistically significant improvements in pain, function, and patient satisfaction 

compared to the control group 8 weeks post-treatment.238 Akeda and colleagues also reported 
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significant improvements to patient VAS scores following a single intradiscal injection of platelet-

rich plasma, though, interestingly no improvements in disc height index were observed.239 However, 

it should be noted that evidence from the disc field is sparse, detailing changes to pain scores but 

often no structural or mechanical changes. Importantly, none of these studies have reported adverse 

effects associated with lysate administration, highlighting its safety and translational potential as a 

low risk, first-line therapeutic option in orthopaedics.  

Effective IVD therapies will likely augment and promote ECM production while mitigating 

the inflammatory and catabolic responses. Incorporating an anti-catabolic factor offers a 

multimodal strategy whereby inflammation is suppressed, allowing matrix regeneration to proceed. 

Given the promising anti-catabolic action of miRNA delivery and the  regenerative potential of 

platelet lysate, this chapter proposed supplementing the dual-miRNA identified in Chapter 4 to 

enhance matrix production. The primary objective of this work was to investigate the potential of 

dual-miRNA delivery supplemented with HPL in a range of culture models and species, to identify 

whether the anti-catabolic effect was maintained whilst driving the production of ECM proteins. It 

was hypothesised that the combined delivery of miRNA-pair-149-5p mimic and 221-3p inhibitor 

and HPL may stimulate the repair process, offering a novel prospective treatment for IVD 

degeneration. 

 

5.2 Materials and Methods 

5.2.1 Human donor characteristics 

Five human NP donors were utilised for encapsulation in an NP-ECM gel analogue, with 

donor information detailed in Table 5.1. 

Table 5. 1 Demographic and clinical characteristics of human donors used for in vitro studies 

Donor Gender Age Smoker (Y/N) Pfirrmann Grade 

1 F 24 No 3 

2 M 44 Former – 15 years 2 

3 F 29 No 2  

4 M 57 No 3 

5 F 33 No  3 
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5..2.2 Human platelet lysate dosage study in monolayer 

Rat NP cells were seeded in microwell chamber slides (ibidi GmbH) at a density of 5 x 103 

cells per well in XPAN, where attachment was allowed to proceed overnight and subsequently 

washed with phosphate buffered saline (PBS). Media was added, either SF DMEM LG alone or 

supplemented with 2.5, 5, or 10% HPL (StemCell Technologies, Canada). Cells were cultured for 

3 days and fixed in 4% paraformaldehyde (PFA) for 12 minutes followed by assessment of aggrecan 

and collagen type II protein expression. The extent of cell proliferation was assessed by counting 

the nuclei from each group. For all studies a minimum of three independent biological replicates 

were performed, with a minimum of duplicate technical replicates. Biological replicates are 

indicated by individual data points in the graphs.  

 

5.2.3 Confirmation of miRNA over- and under-expression via RT-qPCR 

To confirm the successful delivery of miRNA-149-5p mimic and miRNA-221-3p inhibitor, 

rat NP cells were seeded at 10 x 104 in 48-well plates and allowed to attach overnight. miRNA 

complexes of 10ng/µl miRNA-149-5p mimic and miRNA-221-3p inhibitor (both Dharmacon) with 

the FLR peptide (Dixon Lab, Nottingham) were formed via electrostatic interactions in OptiMEM 

reduced serum media (Gibco) for 30 minutes. Cells were washed with PBS to remove residual 

serum and transfected for 6 hours at 37°C at 5% O2. Post-transfection wells were replenished with 

XPAN media and cultured for 3 days for analysis of miRNA over- and under-expression. Total RNA 

was extracted using QIAzol reagent and the miRNeasy kit (Qiagen) according to manufacturer’s 

instructions. The miRCURY LNA reverse transcription kit and validated miRCURY LNA SYBR 

Green PCR assays were utilised to assess levels of miRNA-149-5p and miRNA-221-3p (all 

Qiagen). Relative expression levels were normalised to the endogenous 18S ribosomal RNA and 

calculated using the 2(-ΔΔCt) method to compare expression levels between non-transfected (NT) 

and transfected cells.  

 

5.2.4 miRNA pair delivery supplemented with HPL in monolayer 

Upon fixing the HPL dosage, the effect of dual-miRNA delivery augmented with HPL was 

examined. NP cells were seeded at a density of 5 x 103 cells in microwell chamber slides (ibidi 

GmbH)  and allowed to attach overnight. Transfection was performed as described above, where 

following transfection SF DMEM LG media, or DMEM LG + 10% HPL media was applied to cells, 

which were cultured for 3 days for protein analysis of ECM markers, aggrecan and collagen type 

II, alongside proliferation analysis. Stimulation of matrix degrading enzymes was achieved through 
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a cytokine challenge 24 hours post-transfection of 50 ng/mL TNF-α and 10 ng/mL IL-1β (both 

Fisher Scientific). Cells were insulted for 24 hours whereupon media was replaced as described 

above and culture proceeded for 3 days.  

 

5.2.5 Assessment of miRNA and HPL treatment in rat ex vivo organ culture 

To confirm the viscosity of HPL would not adversely affect miRNA uptake, a fluorescently-

tagged miRNA miRDy547 (Dharmacon) was first employed. Following degeneration, miRDy547 

complexes (25 ng/µl) were prepared by incubating with FLR in OptiMEM for 30 minutes at room 

temperature. Where applicable, 10% HPL was subsequently incorporated and 2 µl of the mixture 

was delivered to rat discs. Uptake of the fluorescently tagged miRNA was assessed after 7 days of 

culture. Treatments were prepared and administered in 2 µl volumes using a 30G needle. The non-

transfected (NT) control received OptiMEM  as the vehicle, while  the HPL-only group received 

10% HPL  prepared in the same vehicle. FLR-miRNA-149-5p mimic and miRNA-221-3p inhibitor 

dual complexes were prepared at a concentration of 25 ng/µl in OptiMEM and incubated for 30 

minutes at room temperature. miRNA complexes were directly injected for the miRNA-only group, 

whereas the for the miRNA + HPL group, 10% HPL was added to the complexes prior to injection. 

Treatments were maintained in culture for14 days with biweekly media exchanges. Collected media 

were pooled to assess GAG released during the culture period. At the end of culture, discs were 

fixed overnight with 4% PFA at 4°C for histological evaluation, or the NP region excised for, 

biocompatibility, biochemical, and cytokine quantification.  

 

5.2.6 NP-ECM, NP-ECM-MA, and CS-MA preparation 

To simulate ex vivo organ culture while incorporating patient-derived cells, an NP analogue 

was developed for in vitro culture. Fresh bovine NP tissue was dissected and finely diced into 

approximately 2mm fragments. The tissue was then pretreated with 0.2 M NaOH for 24h at 4 °C 

under constant rotation to assist with subsequent tissue digestion. The tissue was washed with PBS 

sequentially prior to freeze drying and cryo-milled with a cryogenic grinder (6775 Freezer/Mill, 

SPEX SamplePrep) to obtain a fine NP-ECM powder. Nucleic acids were removed through 

treatment with Benzonase nuclease (2U/mL, Sigma-Aldrich) in Tris Buffer. Solubilisation was 

carried out with activated pepsin solution (30 mg/20 mg of ECM powder) in 0.5 M acetic acid 

(HAc) for 48 hours at room temperature under constant rotation. Salt precipitation was performed 

using 0.9 M NaCl followed by dialysis against deionised water with 12-14 kDa MWCO dialysis 

membrane at 4°C. Dialysis was carried out for 28 hours with water changes twice daily. The 

dialysate was freeze dried under standard conditions (500 mTorr, -10°C, 16 – 18h, Harvest Right™).  
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Methacrylate (MA) groups were added to the NP-ECM to facilitate photo-crosslinking. To 

begin, NP-ECM was solubilised in 2.5 mg/mL 0.5M HAc overnight at 4°C with vigorous agitation, 

whereupon the pH was adjusted to 7.5. Protected from light, methacrylic anhydride was added at a 

dose of 20 µl per 100 mg of NP-ECM in a dropwise fashion and stirred overnight at 4°C. NP-ECM-

MA was dialysed in 12-14 kDa MWCO membrane, initially against 1% v/v HAc for 3 days at 4°C, 

followed by deionised water for a further 3 days. For each dialysis step, the required solution was 

changed twice per day. The retained NP-ECM-MA was freeze-dried and stored at -20°C prior to 

gel preparation. For the functionalisation of chondroitin sulphate (CS), sodium salt (Biosynth) was 

dissolved in deionised water (20 mg/mL), with 1 mL/mL of methacrylic anhydride added dropwise 

under constant stirring and protected from light. The pH of the solution was adjusted to 8 and 

allowed to stir at room temperature for 3 hours, followed by overnight at 4°C. The unreacted 

methacrylic anhydride (MA) was precipitated out of solution by the addition of a 4-fold excess of 

ethanol, and the ethanol washing step was repeated three times. CS-MA was resuspended in 

deionised water, dialysed for 3 days against 1% HAc and 3 days against deionised water, followed 

by freeze-drying to obtain a CS-MA powder.  

 

5.2.7 Preparation of human NP cell-laden NP-ECM-MA CS-MA analogues 

To prepare the tissue ink, NP-ECM-MA (15% w/v) and CS-MA (10% w/v) powders were 

weighed and solubilised in XPAN media for 48 hours at 4°C. Prior to cell incorporation, the 

solutions were mixed at 1:1 ratio to yield a final concentration of 7.5% w/v NP-ECM-MA and 5% 

w/v CS-MA,  neutralised with 5M NaOH, and sterilised by ultraviolet (UV) radiation for 15 mins. 

Human NP cells from patient samples ranging from mild to moderately degenerated discs were 

expanded and utilised experimentally by Passage 3. Cells were incorporated into the gels through 

mixing at a concentration of 2.5 x 106 cells/mL, which relates to approximately the total number of 

NP cells found in a degenerated disc.240 0.25% v/v lithium phenyl-2, 4, 6-

trimethylbenzoylphosphinate (LAP, Sigma-Aldrich) was employed as the photo-initiator and the 

mixture was injected into 50 µL moulds and crosslinked for 1 minute under blue light (405 nm). 

The formed gels were cultured in 4% agarose wells prepared in 48 well plates, each containing an 

internal well that housed  individual gels to facilitate easier injection delivery for subsequent 

experiments. Culture conditions were maintained in XPAN media at 5% O2 in a humidified 

incubator at 37°C.  
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5.2.8 Evaluation of miRNA and HPL treatment using a human cell-laden NP-

ECM gel analogue 

An overview of the experimental outline for NP cell-laden ECM analogues is presented in 

Figure 5.1. To induce a mildly catabolic and GAG-degrading response comparable to that observed 

in the rat ex vivo organ culture model, human NP cell-laden gel analogues were injected with 2µl 

of 0.025U cABC and cultured to allow for 7 days to allow degeneration to proceed. Following this, 

degenerated groups were treated with either the vehicle (NT control), FLR-miRNA-149-5p mimic 

+ miRNA-221-3p inhibitor (miRNA pair), 10% HPL, or 10% HPL + miRNA pair and cultured for 

a further 14 days. As an additional healthy control, one group of gels was not treated with cABC 

for the 21 days culture period. Media changes were performed twice weekly, with the collected 

media pooled at each  time point for biochemical analysis of leached ECM components and ELISA 

assessment of inflammatory markers. Whole gels were also reserved for biochemical analysis, while 

those designated for histology were fixed in 4% PFA overnight at 4°C.  
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Figure 5.1 Experimental outline for generating human cell-laden nucleus pulposus (NP)-

extracellular matrix (ECM) gel analogues. Gel analogues were prepared as described in Section 

2.8, and degeneration was induced in samples designated for treatment with chondroitinase ABC 

(cABC) which cleaves sulphated glycosaminoglycans (sGAG) and triggers a catabolic response. 

Healthy, non-degenerated controls were included in all experiments. On day 7, gel analogues were 

injected with the respective treatments and cultured until day 21, when they were analysed 

biochemically, histologically, and via immunofluorescence for specific anabolic and catabolic 

markers. Abbreviations: CS, Chondroitin sulphate; LAP, lithium phenyl-2, 4, 6-

trimethylbenzoylphosphinate; NT, Non-transfected. Scale bar = 5mm. 
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5.2.9 Assessment of rat ex vivo organ and NP analogue culture 

biocompatibility 

At the culture endpoints, the entire NP tissue was dissected from rat ex vivo organ culture 

motion segments. The viability of both NP tissue and NP-ECM gels was assessed through staining 

with 2 µM Calcein AM and 4 µM ethidium bromide (EtBR) for 1 hour at 37°C. Samples were 

imaged on a Leica SP8 scanning confocal microscope, where a z-stack of the entire NP tissue or 

NP analogue was taken. Acquired images were analysed using ImageJ software (version 1.54p) to 

identify the live and dead cell populations.  

 

5.3 Results 

5.3.1 Confirmation of HPL dosage and miRNA expression in rat nucleus 

pulposus monolayer culture 

Critical to the experimental framework was ascertaining the effect of HPL supplementation 

on a rat NP cell population  (Fig. 5.2). Both 5 and 10% HPL significantly increased aggrecan protein 

expression (Fig. 5.2A & B, p = 0.011 and 0.039, respectively), with collagen type II similarly being 

upregulated at the 10% dose (Fig. 5.2C & D, p = 0.017). The addition of HPL at all concentrations 

enhanced cell proliferation, with the strongest effect observed at 10% (Fig. 5.2E & F, p = <0.0001). 

Therefore, 10% HPL supplementation was selected for subsequent experiments. Successful over-

expression of miRNA-149-5p was confirmed by RT-qPCR post-transfection with a significant 

increase compared to the NT control (Fig. 5.2G, p <0.0001). The silencing of miRNA-221-3p was 

also demonstrated, with its expression significantly downregulated compared to the control (Fig. 

5.2H, p <0.0001).  



60 

 

 

Figure 5.2 Increasing doses of human platelet lysate (HPL) increased extracellular matrix 

markers, alongside cell proliferation in rat nucleus pulposus (NP) monolayer culture. Protein 

expression was quantified via immunofluorescence, with representative images displayed for  (A 

& B) aggrecan and (C & D) collagen type II. (E & F) Proliferation was assessed through DAPI 

staining and quantification of nuclei. (G & H) RT-qPCR was used to assess the expression of 

miRNA-149 and miRNA-221 3 days post-transfection. N = 6 independent biological donors, 

immunofluorescence data normalised to 0% HPL control, RT-qPCR to the non-transfected (NT) 

control. * p < 0.05, *** p < 0.001, **** p < 0.0001 indicates statistical differences. Scale bar = 100 

µm. 
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5.3.2 Dual-miRNA transfection combined with HPL supplementation 

increased protein expression of matrix markers while maintaining an anti-

catabolic effect in rat monolayer culture 

Upon establishing the most efficient HPL dose, the incorporation of the therapeutic dual-

miRNA and the impact upon ECM protein markers was explored (Fig. 5.3). ECM production was 

enhanced in the miRNA + HPL group, with aggrecan protein levels significantly increased 

compared to the NT control (Fig. 5.3A & B, p = 0.017). Production of collagen type II also increased 

in the miRNA + HPL group (Fig. 5.3C & D, p = 0.049). Furthermore, proliferation increased over 

3-fold following miRNA-pair transfection combined with HPL supplementation (Fig. 5.3E & F, p 

= 0.003 vs NT, p = 0.002 vs miRNA only). Alcian blue staining of sGAGs supported these findings, 

with deeper staining evident in the miRNA + HPL group compared to all other treatments and NT 

control (Fig. 5.3G).  

Targeting the catabolic milieu is essential for tackling IVD degeneration. Therefore, the 

protein expression of two frequently upregulated degradative enzymes, ADAMTS5 and MMP13, 

were assessed following cytokine challenge. ADAMTS5 was significantly downregulated in the 

miRNA pair group (Fig. 5.3H & I, p = 0.031 vs NT), with the combination of HPL further bolstering 

this effect (p = 0.005 vs NT). MMP13 expression was significantly reduced across all treatments, 

with dual-miRNA alone producing the strongest effect when compared to the control (Fig. 5.3J & 

K, p = 0.0007). HPL supplementation exerted a comparable effect, suppressing MMP13 expression 

(p = 0.032 for HPL only and p = 0.016 for miRNA + HPL in relation to NT). No significant changes 

in proliferation were observed, likely due to the cytokine challenge (Fig. 5.3L & M). However, an 

upward trend similar to the non- challenged cytokine group was observed. 
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Figure 5.3 Examination of extracellular matrix (ECM) discogenic and degrading factors in 

rat nucleus pulposus monolayer cultures demonstrated enhanced expression of regenerative 

proteins and downregulation of catabolic markers. ECM markers assessed using 
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immunofluorescence staining with representative images for (A & B) aggrecan and (C & D) 

collagen type II. (E & F) Proliferation was assessed through DAPI staining and quantification of 

nuclei. (G) Representative images of Alcian blue staining evaluated the total accumulation of 

sGAGs. (H & I) Catabolic protein expression for ADAMTS5  and (J & K) MMP13, alongside (L 

& M) proliferation post-cytokine challenge. N = 6 independent biological donors, data normalised 

to 0% HPL control.* p < 0.05, ** p < 0.01, *** p < 0.001 indicates statistical differences. Scale 

bars = 100 µm.  

 

5.3.3 Dual-miRNA combined with HPL enhanced production of matrix 

constituents in a rat ex vivo organ culture model 

The effects of miRNA and HPL treatment were subsequently evaluated in a more 

physiologically relevant microenvironment using mildly degenerated rat ex vivo disc organs. NP 

cell viability was preserved throughout the culture period, as determined by live/dead staining, with 

no marked changes evident in DNA content between the groups (Fig. 5.4 A - D). Histological 

analysis revealed that cABC treatment visibly disrupted the NP matrix, with tears evident in all 

stains compared to the intact healthy control. The viscosity of HPL did not impede miRNA delivery 

as demonstrated by the uptake of fluorescently labelled miRDy547, which remained localised 

within the cells following 7 days in culture (Fig. 5.4 E & F).  
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Figure 5.4 Cell viability and miRNA uptake in rat ex vivo organ cultures. (A) Organ culture 

viability as assessed by (B) live/dead staining following 21 days of culture. (C) Total DNA was 

quantified biochemically and cellular morphology by evaluated using (D) haematoxylin and eosin 

staining. (E & F) Uptake of the fluorescently labelled miRDy547 was measured after 7 days of 

culture, in isolation or with the supplementation of 10% HPL. N = ≥ 3 independent biological 

donors. Live/dead scale bar = 200 µm, histology scale bar = 500 µm, miRDy547 uptake scale bar 

= 100 µm for overall image, 150 µm for magnified image 

 

To assess the potential of the potential treatments in promoting ECM components, total 

collagen and specific collagen markers were analysed. Overall collagen levels in the NP remained 

unchanged following treatments (Fig. 5.5A & B). Collagen type I, associated with a fibrotic 

phenotype, was significantly upregulated in the 10% HPL only group (Fig. 5.5C & D, p = 0.028). 

Consistent with findings from monolayer cultures, collagen type II was markedly increased 

following miRNA + HPL treatment relative to the NT control (Fig. 5.5E & F, p = 0.047).  
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Stimulation of sGAG production is critical for achieving regenerative potential in the disc. 

Biochemical evaluation revealed that sGAG levels in the miRNA + HPL group increased more than 

2-fold compared to the NT control (Fig. 5.5G & H). To further explore this, key early- and late-

stage proteins in the ECM were measured. SOX9 protein expression was significantly upregulated 

2-fold by miRNA + HPL treatment relative to the degenerated control (Fig. 5.5I & J, p = 0.019). 

Consistent with monolayer findings, the late-stage protein aggrecan was also significantly enhanced 

by miRNA + HPL treatment (Fig. 5.5K & L, p = 0.048 vs NT), suggesting a shift towards sGAG-

rich matrix production. 
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Figure 5.5 Biochemical and histological evaluation in a rat ex vivo organ culture model of 

mild disc degeneration demonstrated upregulation of extracellular matrix (ECM) 

constituents. (A) Collagen content was measured biochemically and normalised to DNA content 

and non-treated (NT) control, with (B) Picrosirius red staining. (C & D) Specific markers were 
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quantified using immunofluorescence, displayed alongside representative images for collagen type 

I and (E & F) collagen type II. (G)  sGAGs were investigated quantitatively via a biochemical assay 

and qualitatively with (H) Alcian blue staining. (I & J) SOX9 an early-stage discogenic marker and 

(K & L) aggrecan a late-stage marker were evaluated by antibody staining. N = 6 independent 

biological donors, data normalised to NT control. * p < 0.05 indicates statistical differences. 

Histology scale bars = 500 µm, main immunofluorescence images = 400 µm, magnified image = 

50 µm. NP = nucleus pulposus, AF = annulus fibrosis, CEP = cartilaginous endplate. 

 

Assessment of sGAG release into the culture media at each timepoint revealed no 

significant differences between groups, indicating that excess sGAGs were retained within the NP 

region (Fig. 5.6 A & B). 

 

Figure 5.6 Sulphated glycosaminoglycans (sGAGs) released into the media during rat ex vivo 

organ cultures. (A) sGAG levels at each feeding showed no significant differences and (B) Total 

sGAG release was also not significantly different. N = 5 independent biological donors. 

 

5.3.4 Dual-miRNA transfection effectively suppressed catabolic markers in an 

ex vivo organ culture model 

Effective therapeutic targeting of IVD degeneration is likely to be enhanced by further 

reducing or dampening the catabolic milieu thereby providing a permissive environment for 

regeneration to occur. In this study clear evidence of catabolic suppression was demonstrated, with 

all treatment groups returning to levels comparable to the non-treated healthy control. All treatments 

significantly downregulated ADAMTS4 and ADAMTS5 protein expression when compared to the 

NT control, with the strongest silencing observed in the miRNA + HPL group (Fig. 5.7A -D, p = 

0.009 for ADAMTS4, and p < 0.0001 for ADAMTS5, respectively). Furthermore, dual-miRNA 
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treatment mirrored previous findings from this thesis and laboratory, 241,242 showing a substantial 

reduction, over 50%, in both MMP3 and MMP13 protein expression compared to the NT control 

(Fig. 5.7E-H, p = 0.04 and p = 0.05, respectively). 

 

Figure 5. 7 Downregulation of protein expression of catabolic ECM degrading factors in a rat 

ex vivo organ culture model of mild degeneration following treatment with miRNA pair and 

10% HPL. Representative immunofluorescence images of (A&B) ADAMTS4 (C&D) ADAMTS5 

(E&F) MMP3, and (G&H) MMP13 protein expression. N = 6 independent biological donors, data 

normalised to NT control. * p < 0.05,  ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates 

statistical differences. Main image scale bar = 400 µm, magnified image = 50 µm.  NP = nucleus 

pulposus, AF = annulus fibrosis, CEP = cartilaginous endplate. 
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5.3.5 Co-delivery of the dual-miRNA combined with HPL enhanced the 

expression of matrix markers in human NP cell-laden analogues 

Assessment of human patient-derived NP cell responses to miRNA and HPL delivery 

revealed promising anabolic effects. Following three weeks of culture, cell viability was 

comparable to that of  the healthy control across all treatment groups, with the highest viability 

observed in the miRNA HPL groups (p = 0.006 compared to NT control, Fig. 5.8 A-D). DNA 

content remained consistent across all groups, confirming the biocompatibility of the model. 

 

Figure 5. 8 Cell viability and proliferation of patient NP-laden NP analogues following 21 days 

of culture. (A & B) Viability was quantified with live/dead staining, (C & D) DNA content and 

representative haematoxylin and eosin staining. * p < 0.05,  ** p < 0.01 indicates statistical 

differences. N = 5 independent biological donors. Scale bars = 100 µm. 

 

Total collagen content did not appreciably increase by the end of culture as confirmed 

biochemically and histologically via Picrosirius red staining, nor was collagen type I (Fig. 5.9A-

D). In contrast, collagen type II was significantly upregulated following HPL supplementation, with 

a mean 1.8-fold increase compared to the NT control (p = 0.007). Treatment with miRNA + HPL 

further elevated collagen type II levels, resulting in a 2-fold increase (Fig. 5.9E-F, p = 0.0009). 

Consistent with the findings in rat organ cultures, an upward trend in sGAG production following 

miRNA + HPL treatment was observed, as evidenced by the DMMB assay and Alcian blue staining 

(Fig. 5.9G-H, p = 0.07). Furthermore, a marked increase in ECM factors with the delivery of 

miRNA + HPL was observed, namely SOX9 with more than a 2.5-fold change when compared to 

the NT control (Fig. 5.9I-J, p = 0.008). miRNA + HPL treatment also enhanced aggrecan 

production, with an average 2.6-fold increase compared with the NT control (Fig. 5.9K-L, p = 
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0.023). Overall, the expression patterns of matrix constituents closely mirrored those observed in 

the rat ex vivo organ culture, reinforcing the relevance of this NP-ECM analogue model as a 

representative ex vivo model.  
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Figure 5. 9 Co-delivery of the miRNA-pair combined with HPL enhanced the expression of 

matrix markers in a chondroitinase ABC degenerated human cell-laden NP-ECM gel 

analogue. (A) Total collagen levels were analysed biochemically and (B) histologically with 

Picrosirius red staining. (C & D) Collagen type I and (E & F) collagen type II protein expression 

was determined using antibody staining. (G) Total sulphated glycosaminoglycans (sGAGs) were 
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assessed biochemically and with (H) Alcian blue staining. (I & J) Protein expression of SOX9 and 

(K & L) aggrecan was evaluated using immunofluorescence staining. N = 5 independent biological 

donors, all data normalised to NT control. * p < 0.05,  ** p < 0.01, *** p < 0.001 indicates statistical 

differences. Representative histological images scale bar = 100 µm, representative histology 

staining scale bar 50µm, immunofluorescence images scale bar = 50 µm.  

 

5.3.6 Dual-miRNA + HPL treatment attenuated catabolic enzyme expression 

of human NP cells cultured in an NP cell-laden analogue 

Modulating the response of NP cells to degeneration is essential for developing effective 

treatments and studies using  patient-derived cells provide deeper insights into therapeutic potential. 

As expected, treatment with cABC induced the highest protein levels of aggrecanases ADAMTS4 

and ADAMTS5, and collagenases MMP3 and MMP13, reflecting the homeostatic imbalance 

characteristic of IVD degeneration. ADAMTS4 expression was reduced by over 50% compared to 

the NT control following either miRNA only or miRNA + HPL delivery (Fig. 5.10A-B, p < 0.0001 

for both). Interestingly, the inclusion of miRNA-149-5p mimic and 221-3p inhibitor exerted an 

enhanced  protective effect. ADAMTS4 expression was significantly diminished in both miRNA 

groups compared to HPL alone (Fig. 5.10A-B, p = 0.009 miRNA vs HPL, and p = 0.019 miRNA + 

HPL vs HPL). A similar  pattern was observed for ADAMTS5, with both miRNA and miRNA + 

HPL treatments resulting in substantial decreases compared to the NT control (Fig. 5.10C-D, p = 

0.002 for miRNA, and p = 0.008 for miRNA + HPL). Consistently, miRNA delivery produced a 

significant inhibitory effect compared to HPL treatment alone (Fig. 5.10C-D, p = 0.029). MMP3 

expression was reduced by over 50% following miRNA treatment (Fig. 5.10E-F, p = 0.002 vs NT). 

Similarly, miRNA + HPL treatment significantly inhibited MMP3 in comparison to the NT control 

(Fig. 5.10E-F, p = 0.003), while HPL only treatment did not exhibit a beneficial effect. Treatment 

with miRNA + HPL suppressed MMP13 production compared with the NT control (Fig. 5.10G-H, 

p = 0.035),  whereas miRNA only treatment showed a non-significant downward trend (Fig. 5.10G-

H, p = 0.078). The observed alignment between the rat ex vivo organ response and patient-derived 

NP cells cultured in an NP analogue suggests that this system may serve as a relevant 3D in vitro 

model for evaluating patient-specific responses to novel treatments. 
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Figure 5. 10 Co-delivery of the miRNA-pair combined with HPL supressed matrix degrading 

enzyme expression in a chondroitinase ABC degenerated human cell-laden NP-ECM gel 

analogue. Following three weeks of culture, immunocytochemistry was performed to measure 

levels of the aggrecanases (A & B) ADAMTS4 and (C & D) ADAMTS5, and the collagenases (E 

& F) MMP3 and (G & H) MMP13. N = 5 independent biological donors, all data normalised to NT 

control. * p < 0.05,  ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates statistical differences. 

Scale bar = 50 µm.  

 

5.4 Discussion 

Treatment of IVD degeneration, a multifaceted condition, likely requires a multi-pronged 

approach, to silence degradative and inflammatory processes while promoting matrix synthesis. 

miRNA-based therapies have shown considerable  promise, and the dual delivery of FLR-miRNA-

149-5p and a miRNA-221-3p inhibitor identified in Chapter 4 exerts a strong anti-catabolic effect 
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on resident NP cells.241,242 However, while encouraging, the observed anabolic response requires 

additional enhancement to achieve a meaningful regenerative outcome. Platelet lysates with their 

multitude of GFs, cytokines, and chemokines have demonstrated the ability to stimulate ECM 

deposition in vitro and improve patient outcomes in vivo.239,243 In this study, combined dual-miRNA 

and HPL delivery to assess its potential as a novel therapeutic for IVD degeneration was 

investigated. The anti-catabolic effect established in Chapter 4 through FLR-miRNA-149-5p and 

miRNA-221-3p inhibitor delivery in both rat and human models of mild IVD degeneration. 

Notably, HPL supplementation promoted the expression of discogenic markers in both rat ex vivo 

organ culture and patient-derived cells cultured in an NP-analogue. Collectively, these findings 

indicate that combined dual-miRNA and HPL administration facilitates a homeostatic rebalance 

conducive to the formation of a restorative niche in models of IVD degeneration.  

A central feature of IVD degeneration is the dysregulation and exacerbation of the 

inflammatory and catabolic milieu. miRNA-149-5p has demonstrated potent anti-inflammatory 

effects in both in vitro and in vivo studies and likely contributed to the reduced degradative enzyme 

response observed in this work. Qin et al delivered miRNA-149 to NP cells in a lipopolysaccharide 

(LPS)-induced model of inflammation. Consistent with the findings presented here, they reported 

a significantly reduction in MMP3 and ADAMTS4 expression at both the gene and protein levels.167 

Chondrocytes share close morphological and functional similarities with NP cells making their 

treatment responses relevant to IVD research. In this context, TNF-α treated chondrocytes 

transfected with miRNA-149 rescued cell viability relative to non-treated controls, while also 

reducing levels of interleukin (IL)-1β, IL-6, and IL-18 in vitro.244 In a murine OA model, miRNA-

149 treatment reduced arthritis severity reflected in improved Mankin scores, and was associated 

with marked decreases in the inflammatory cytokines tumour necrosis factor (TNF)-α, IL-1β, and 

IL-6 compared with negative controls. 245 Both TNF-α and IL-1β are key regulators of MMP and 

ADAMTS expression that exacerbate IVD degeneration.43,53,54,174 The inclusion of miRNA-149-5p 

in the therapeutic miRNA-pair may explain the suppression of  degradative enzyme expression 

observed in the presented culture systems.  

Interestingly, HPL delivery alone did not exhibit this anti-catabolic effect, requiring the 

incorporation of the dual-miRNA. Backly and colleagues reported that, in keratinocytes, lysate-

mediated enhancement of wound healing is preceded by a transient inflammatory response 

accompanied by cytokine recruitment.246 Furthermore, Pereira et al found that chondrocytes treated 

with lysates exhibited an inflammatory response when cultured in the presence of IL-1α, with a 

more pronounced effect than IL-1α stimulation alone.247 In the ex vivo organ and NP analogue 

culture systems, it was observed that dual-miRNA and dual-miRNA + HPL were more effective at 

supressing the expression of catabolic factors than HPL supplementation alone. Expression of 

ADAMTS and MMP family members in the disc is closely associated with inflammatory signalling, 

and is stimulated by key regulators such as TNF-α and IL-1β.43,194 The responses observed here 
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may therefore reflect an initial inflammatory reaction triggered by HPL delivery that had not yet 

abated by the end of the culture period. 

While the above studies focus on shorter timepoints, more pronounced anti-inflammatory 

effects may only become evident over longer study durations. Studies in cartilage, similar to the NP 

due to its avascular nature, biochemical composition, and mechanical loadbearing have 

demonstrated this response as being shorter term. In vivo implantation of a platelet lysate hydrogel 

scaffold for cartilage repair in rabbits resulted in significantly higher populations of anti-

inflammatory M2 macrophages compared to the inflammatory M1 macrophages up to 42 days post-

implantation.248 This has been reflected clinically in OA, with Filardo et al reporting increased post-

injection swelling and pain in lysate-treated patients compared to controls.249 Khoshbin and 

colleagues likewise reported significantly more occurrences of adverse events, including post-

injection swelling and pain in their lysate group over controls in the treatment of OA.250 In both 

cases these events were transient, which may suggest a temporal elevated inflammatory response 

that was not captured in the relatively shorter culture times.  

A key objective of this work was to enhance the effect of the dual-miRNA in relation to the 

promotion of anabolic factors. A synergistic effect was observed when combining the dual-miRNA 

with HPL, resulting in greater upregulation of matrix markers than with dual-miRNA delivery. HPL 

is enriched with GFs, containing over 1400 proteins, highlighting its regenerative potential.251 

Amongst these, members of the TGF superfamily, VEGF, PDGF, fibroblastic growth factor (FGF), 

epidermal growth factor (EGF), and bone morphogenic proteins (BMPs) are often over-

represented.66,67,252 Similarly to the promotion of matrix factors identified in this work, platelet-

related treatments have shown promising regenerative effects in NP cells, with one study reporting 

that 2.5% PRP upregulated the expression of collagen type II, aggrecan, and SOX9 in rat NP cells. 

253 A recent study demonstrated significant increases in aggrecan and collagen type II protein 

expression following pure PRP treatment in IL-1β challenged rat NP cells, consistent with the 

findings presented here. 254 Likewise, in a porcine ex vivo organ culture model, delivery of PRP 

resulted in significantly increased GAGs when compared to the degenerated control.255 The 

inclusion of a GF cocktail HPL in combination with the immunomodulatory effect of the dual-

miRNA likely promoted the expression of factors such as aggrecan, SOX9, and collagen type II 

reported here.  

Inhibition of miRNA-221 has been associated with enhanced matrix marker expression, as 

demonstrated in a recent study where stem cell-laden, miRNA-221 activated hydrogels showed 

significant increases in sGAG and collagen type II levels after 21 days of chondrogenic culture.256 

miRNA-221 has been shown to directly target and downregulate tissue inhibitor of 

metalloproteinase-2 (TIMP-2), a key regulator of the MMP family, leading to amplified MMP 

expression in degenerative conditions. However, silencing miRNA-221 in fibroblastic cells isolated 

from the spinal ligamentum flavum restores TIMP-2 expression and corrects aberrant ECM 
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degradation allowing aggrecan and collagen type II production to resume.257 In this work similar 

patterns were observed, although some positive effects were noted when the dual-miRNA or HPL 

was delivered alone, the strongest effects occurred when they were combined. Consistent with the 

previous study in Chapter 4, significant increases in collagen type II protein expression following 

treatment with dual-miRNA and HPL were observed. Additionally, both rat and human culture 

systems showed an upward trend in sGAG production, along with significant increases to SOX9 

and aggrecan, key precursors of the mature protein. Taken together, these findings suggest a 

synergistic effect whereby co-delivery of dual-miRNA and HPL enhances matrix marker expression 

more effectively than  either treatment alone.  

Alongside investigating the combined delivery of a therapeutic dual-miRNA and HPL, a 

biomimetic ECM 3D culture system suitable for studying IVD degeneration was developed. In vitro 

systems that closely replicate physiological conditions are crucial to gain a deeper understanding 

of cellular responses to treatments. NP cells exhibit differential expression of discogenic markers 

depending on whether they are cultured in 2D or 3D systems, with 3D culture promoting increased 

expression of NP-like and chondrogenic markers, indicative of a more representative phentotype258 

259 To better represent physiological conditions, a decellularised NP-ECM matrix mimicking the 

matrix composition of a mildly degenerated Pfirrmann Grade 3 disc was employed as a culture 

system for human NP cells, allowing the study to model the structural environment of a degenerated 

matrix.  

While decellularised matrices or biologically similar constituents have shown promise as 

therapeutics in the IVD field,229,230,260-262 in this work the versatility of using a decellularised NP-

ECM matrix as an in vitro biomimetic culture environment was demonstrated. Complementary to 

this work, Yuan and colleagues reported that fibroblasts seeded atop rabbit-derived NP matrix 

exhibited significantly enhanced collagen type II expression. Furthermore, they observed a strong 

reduction in collagen type I expression, suggesting a shift away from the fibroblastic phenotype.263 

Rashidi and colleagues demonstrated differences in NP cell morphology and surface marker 

expression in biomimetic age-related collagen-proteoglycan gels.264 Cells cultured in gels 

resembling aged matrix demonstrated increased integrin-beta-1 (ITGB1), indicative of degenerated 

discs.265 Peng et al employed bone marrow derived stem cells (BMSCs) seeded on decellularised 

NP gels, whereby they identified significant upregulation of protein expression of collagen type II, 

aggrecan, and the NP markers CD24, and keratin 19 (KRT19) when cultured in 3D, suggesting that 

the NP gels were supporting a pro-regenerative NP-like response.266 In this culture system not only 

was a tuneable, viable 3D ECM niche for cell encapsulation provided, similar to that of degenerated 

NP tissue, but also evidence to demonstrate its utility as an in vitro means of trialling therapeutics. 

Alongside this, the results are comparable between ex vivo organ culture and NP-ECM-

analogue systems, highlighting their utility as ex vivo and in vitro models of intervertebral disc 

degeneration. Ex vivo organ culture represents one of the most physiologically relevant systems 
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available for pre-clinical evaluation of  developing treatments. Although straightforward to 

implement, the provision of an ECM niche for cells may be valuable for interrogating  cellular 

responses to a range of potential treatments. Furthermore, it provides a 3D culture system that can 

be populated with patient-derived cells, thereby enhancing the translatability of prospective 

therapeutics. cABC is well established in promoting not only the degeneration of sGAGs but the 

upregulation of matrix degrading proteins ex vivo and in large animal models. 148,267,268 The 

inclusion of a cABC challenge induces a catabolic response indicative of the degenerated disc 

microenvironment, modelled here by the upregulation of members of the ADAMTS and MMP 

families. Finally, the system is tuneable, with ECM and CS composition adjustable to model 

different grades of degeneration, allowing greater exploratory capability. 

  Notwithstanding the strengths of the approaches employed in this work, several limitations 

warrant consideration. Catabolic enzyme expression was evaluated semi-quantitatively through 

staining; however more robust conclusions could be drawn from quantitative assessment of pro-

inflammatory cytokines. Unfortunately, this was not feasible with the current culture set-up for both 

rat and human models, as ELISA readouts fell below the measurable assay range. Measurements 

from human discectomy tissue are typically in the pg / mL level for factors such as TNF-α and IL-

1β. 269-271 To achieve these measurable levels would likely require either non-physiological cell 

numbers or and artificially high inflammatory stimulus, neither of which reflects the human IVD 

or would be relevant for translating the combined dual-miRNA + HPL treatment. This study 

included a limited number of human donors which prevents stratification by Pfirrmann grade but is 

sufficient for this exploratory work. Ex vivo organ culture and an NP-gel analogue culture models 

were employed, both of which lack in vivo tissue interactions but are useful for studying cellular 

responses to potential treatments.  

In summary, a novel dual-FLR-miRNA and HPL therapy for the treatment of mild IVD 

degeneration across multiple species and culture systems was evaluated. The therapy demonstrated 

pro-regenerative and anti-catabolic effects in both rat and human NP models, highlighting its 

potential to supress matrix degradation while promoting matrix marker expression. Alongside this, 

a tuneable culture system representative of the microenvironmental ECM niche typically found 

within the IVD was developed, which showed responses comparable to ex vivo organ culture. 

Together, these findings offer a promising avenue for the treatment of low back pain.  

 

5.5 Conclusion 

Development of injectable therapeutics to treat degeneration of the IVD is a challenging 

endeavour, requiring  the suppression of catabolic factors concurrent to restoration of the 

degenerated ECM. In this chapter, FLR-miRNA-149-5p mimic and 221-3p inhibitor supplemented 

with HPL restored homeostatic balance in rat and human NP cells through suppression of matrix 
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degrading factors implicated in progressive IVD deterioration (MMP and ADAMTS families). 

Alongside this, the promotion of regenerative marker expression, factors known to be required for 

the rebuilding of the ECM (SOX9, aggrecan, and collagen type II) was demonstrated. Using a 

tuneable human culture model system that recapitulates a mildly degenerated disc 

microenvironment, consistent responses were observed with ex vivo animal derived organ cultures, 

supporting the translational relevance of this approach. Collectively, these findings highlight a 

promising novel approach to target early-stage IVD degeneration and low back pain through a 

single injectable therapy modulating the expression of key markers in the degenerative cascade. 
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Chapter 6. Comparative analysis of dual-miRNA mediated 

stimulation of nucleus pulposus and bone marrow derived stem cells 

for intervertebral disc repair 

 

A significant portion of this work is published in Ní Néill, T., Wilson, N., McDonnell, J.M., 

O’Brien, F.J., Dixon, J.E., Brama, P.A.J., Curtin, C.M., Buckley, C.T (2026) “Comparative analysis 

of dual-miRNA mediated stimulation of nucleus pulposus and bone marrow derived stem cells for 

intervertebral disc repair”. JOR Spine, 9(2). doi: 10.1002/jsp2.70198 

Contribution: Made significant contributions to the conception and design of the work. 

Conducted the literature review, data acquisition and analysis, interpreted and presented the 

findings, drafted the manuscript, performed critical revisions, and provided final approval of the 

version to be published. 

 

6.1 Introduction 

While miRNA delivery and transfection has shown promise as a therapeutic strategy for 

injured or damaged tissues, the synergistic potential of combining it with cell-based approaches 

remains to be fully explored. Supplementing the injury site with viable cells would not only restore 

the tissue cell density but also promote paracrine interactions that support tissue homeostasis. 

Research to date has focused primarily on two principle cell populations as part of cell-based 

regeneration strategies for disc repair, resident -NP cells, and bone marrow-derived mesenchymal 

stem cells (BMSCs), with both cell types offering distinct benefits and drawbacks. NP cells are 

particularly well suited to the disc milieu due to their inherent tolerance of acidic pH, nutrient poor 

environment, and altered osmotic conditions.151,272,273 NP progenitor cells are currently being 

explored as a therapeutic source in human clinical trials conducted by Discgenics (NCT03955315 

Japan,  NCT03347708, United States), following preclinical studies in rabbits that demonstrated 

marked improvements in disc height index (DHI) after 8 weeks of cell treatment.19 However, other 

studies have found that while NP cell transplantation does improve disc height, it remains below 

that of the healthy controls at the study end point, suggesting partial rather than full regeneration. 

20,274,275 

From 1994 to 2020 BMSCs were the most frequently transplanted cell type276, valued due 

to their ability to differentiate towards a discogenic phenotype in vitro.277 While their plasticity 

provides a potential advantage, the amount of matrix produced may be insufficient to elicit a 

https://clinicaltrials.gov/study/NCT03955315
https://clinicaltrials.gov/study/NCT03347708#publications
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regenerative response or restore lost disc height.278 In an uninjured rabbit model, delivery of BMSCs 

significantly increased aggrecan and collagen type II gene expression, and sulphated (s)GAGs at 

the 6 month endpoint.279 Delivery of BMSCs to a goat model of injured IVDs saw significant 

increases in proteoglycans compared to their hydrogel control, however no changes in collagen 

content or MRI score were identified.280 A recent meta-analysis investigating the effects of stem 

cell delivery reported positive outcomes in disc height restoration in rat models. However, this effect 

was not observed in ovine models, where no significant differences were found between control 

and stem cell groups, suggesting potential species-specific responses 281 or effects related to the 

larger anatomical scale of ovine discs. Nonetheless, the therapeutic potential of BMSCs should not 

be overlooked given their multipotent capacity.  The objective of this study was to investigate the 

effects of dual-miRNA stimulation on caprine NP cells and BMSCs in vitro and ex vivo, assessing 

the regenerative and anti-catabolic potential of these transfected cell populations to determine their 

suitability for cell transplantation into degenerated IVDs.  

6.2 Materials and methods 

6.2.1 Primary cell culture 

In accordance with the principles of the 3R’s and to minimise animal use, goat nucleus 

pulposus (NP) and bone marrow derived stem cells (BMSCs) were obtained from discarded 

material from animals used in a separate study approved by the University College Dublin Animal 

Research Ethics Committee (AREC-P-19-17) and the Irish Healthy Products Regulatory Authority 

(HPRA AW18982/P142). Briefly, motion segments of the lumbar spine were isolated to allow for 

NP tissue dissection. The tissue was enzymatically digested in serum free low glucose DMEM (LG 

DMEM, Sigma-Aldrich) containing pronase (100 U/mL, Millipore) and collagenase Type II (300 

U/mL, Gibco) supplemented with 2% penicillin/streptomycin (pen/strep, Gibco) and 2.5 mg/mL 

Amphotericin B (Sigma-Aldrich). Digestion was carried out at 37°C with gentle agitation (10 r.p.m) 

until single cells were released. To isolate BMSCs, bone marrow was aspirated from the scapula 

with a 16G needle and subjected to sequential centrifugation and filtration steps. Cells were seeded 

at a density of 23 x 106/T175 to promote colony formation and cultured for 72 hours. Red blood 

cells were then removed by washing with phosphate buffered saline (PBS, Sigma). Both cell types 

were cultured in LG DMEM as before supplemented with 10% foetal bovine serum (FBS, Gibco), 

referred to as expansion (XPAN) media, under physioxic conditions (5% O2 and 5% CO2) until 

passage 1, after which they were either used immediately for experiments or cryopreserved in liquid 

nitrogen (LN2). NP cells were used up to passage 3, and BMSCs up to passage 4 for all experiments. 

All experiments were performed under physioxic conditions unless otherwise stated.  
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6.2.2 Tripotentiality determination of BMSCs 

To assess the multilineage potential of isolated BMSCs, cells were treated with 

chondrogenic, adipogenic, and osteogenic medias as previously described. 282-284 Briefly, for 

chondrogenic differentiation, following expansion in XPAN, cell aggregates comprising of 2.5 x 

105 cells were formed by centrifugation. The aggregates were then cultured for 21 days in a 

chemically defined medium (CDM), consisting of high glucose (HG) DMEM + GlutaMAX, 2% 

Pen/Strep (both Gibco), 2.5 mg/mL Amphotericin B (Sigma-Aldrich), 5 mM sodium pyruvate, 40 

µg/mL L-Proline, 1.5 mg/mL bovine serum albumin (BSA, all Sigma-Aldrich). For chondrogenic 

induction, the CDM was further supplemented with 1X insulin transferrin selenium (ITS, Gibco), 

10 ng/mL TGF-β3 (PeproTech), 100 nM dexamethasone, 50 µg/mL L-ascorbic acid-2-phosphate 

and 4.7 mg/mL linoleic acid (all Sigma-Aldrich). Adipogenic differentiation was induced in 

monolayer by seeding cells at a density of 1 x 103 cells/cm2 and supplementing XPAN media with 

100 nM dexamethasone, 0.5 mM IBMX, and 50 µM indomethacin (all Sigma-Aldrich). Osteogenic 

differentiation was performed similarly, with media instead supplemented with 100 nM 

dexamethasone, 10 mM β-glycerol phosphate, and 14.5 µg/mL L-ascorbic acid-2-phosphate (All 

Sigma-Aldrich). Differentiation outcomes were assessed with Alcian blue staining for 

chondrogenesis, Oil-Red-O for adipogenesis, and Alizarin red for osteogenesis. Results showing 

positive staining following chondrogenic, adipogenic, and osteogenic induction are presented in 

Figure 6.1. 
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Figure 6.1 Representative images of tri-potentiality assessment of bone marrow-derived stem 

cells. (A) Chondrogenic (chondro.) supplementation of pellet cultures demonstrated pellets with 

more structural integrity, alongside enhanced collagen and sulphated glycosaminoglycan (sGAG) 

production, as determined by Picrosirius red and Alcian Blue staining. (B) Following 

supplementation with adipogenic (adipo.) supplements, increased Oil-Red O staining was achieved 

compared to untreated groups. (C) Supplementation with osteogenic (osteo.) media supplements 

resulted in increased Alizarin red staining representing increased calcium deposition. N = 3 

biological replicates. All scale bars 200 µm. 
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6.2.3 Determination of transfection efficiency in monolayer NP and BMSC 

cultures 

To achieve efficient miRNA transfection, a fluorescently labelled miRNA, miRDy547 

(Dharmacon) was delivered to both cell types in monolayer culture using the FLR peptide, an 

arginine modified form of the glycosaminoglycan-binding enhanced transduction (GET) peptide 

(Dixon Lab, Nottingham). 152,285 Briefly, cells were seeded at a density of 5 x 103 in µ-Slide 18 well 

chamber slides (ibidi, GmbH) and allowed to attach overnight. Subsequently, to stimulate future 

experimental conditions, cells were serum starved for 24 hours and subjected to a cytokine 

challenge with TNF-α (50 ng/mL) and IL-1β (10 ng/mL, both Fischer Scientific) for 24 hours. 

miRNA complexes were prepared at increasing doses from 0 to 25 ng/µl in OptiMEM reduced 

serum media (Gibco), maintaining a charge ratio of N:P 5. Complexes were allowed to form via 

electrostatic interactions for 30 minutes at room temperature before being added to the cells. 

Transfection was allowed to proceed for 6 hours at 5% O2 at 37°C, upon which the complexes were 

removed and cultured in XPAN for 3 days. Cells were either fixed in 4% paraformaldehyde (PFA) 

for 12 minutes for immunofluorescence or trypsinised for flow cytometric analysis using a 

LSRFortessa Flow cytometer, with nuclear counterstaining performed using Hoechst 33324 (Merck 

Life Sciences Ltd.) in both assays. For all transfection experiments a non-transfected (NT) control 

was included.  

 

6.3.4 Assessment of protein marker expression following dual-miRNA 

delivery in monolayer culture 

Protein expression of specific markers in monolayer culture following miRNA transfection 

was performed. Cells were seeded as previously described, with cytokine treatment applied as 

described in Section 2.3 for analysis of catabolic markers, while cultures without a cytokine 

challenge were used to assess anabolic protein expression. FLR complexes were formed with either 

a scrambled control miRNA (Dharmacon), or dual-miRNA149-5p mimic and miRNA-221-3p 

inhibitor at a concentration of 10 ng/µl. Protein expression was analysed 3 days post-transfection 

via immunofluorescence following antibody staining. To further examine the effects of transfection, 

NP cells and BMSCs were seeded in 6-well plates at a concentration of 10 x 104 cells per well. 

Following overnight attachment, cells were exposed to serum starvation and a cytokine challenge 

as before. FLR-scrambled miRNA complexes (10 ng/µl) were delivered and incubated for 6 hours. 

Cells were maintained in XPAN media for 14 days with biweekly media changes, and biochemical 

analyses were performed at the end of the culture period. 
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6.3.5 Microtissue culture of miRNA transfected NP and BMSCs 

To assess the effects of dual-miRNA transfection in a more physiologically relevant 3D 

systems microtissues were generated from NP cells and BMSCs. Cells were seeded at a density of 

1 x 106 in 6-well plates. After overnight attachment, cells underwent serum starvation followed by 

cytokine treatment, both for 24 hours as described above. Transfection proceeded for 6 hours using 

10 ng/µl of complexes containing either FLR-scramble miRNA or FLR-miRNA-149-5p mimic 

combined with miRNA-221-3p inhibitor and cells were allowed to recover overnight. The 

following day, microtissues containing 5 x 104 cells each were formed following centrifugation at 

800g for 10 minutes in sterile agarose coated 48-well plates. Media exchanges were performed 

twice weekly, with collected media pooled to allow for quantification of sGAG release during the 

culture period. Microtissues were maintained for either 3 or 14 days. At the relevant timepoints, 2 

and 3 microtissues were pooled for biochemical analysis, and additional tissues were fixed for 30 

minutes in 4% PFA at room temperature for histological evaluation.  

 

6.2.6 Goat ex vivo organ culture and induction of mild degeneration 

All goat tissue used for ex vivo organ culture was obtained with approval from the Animal 

Research Ethics Subcommittee (AREC), University College Dublin (UCD) (AREC-23-17-Brama). 

Spines were dissected and excess fascia was removed to expose the entire disc region, whereupon 

motion segments were excised containing vertebra-disc-vertebra. The segments were incubated 

overnight in LG DMEM supplemented with 2% Pen/Strep, 0.1 µl/mL Amphotericin B (Sigma), and 

100 µg/mL Kanamycin Sulfate (Gibco). Each intact motion segment was then cultured in XPAN 

media in a custom-made bioreactor, under a pressure of 0.4 MPa, a value within the human and 

goat physiological range. 136,286 Mild degeneration was induced by injection of 200 µl of 2U 

chondroitinase ABC (cABC) via a 30G needle, and segments were maintained under these 

conditions for 14 days prior to treatment administration.  

 

6.2.7 miRNA dosage for ex vivo organ culture delivery 

Uptake of miRNA into mildly degenerated goat disc organs was evaluated using the 

fluorescently labelled miRDy547. Complexes of 10 and 25 ng/µl (200 µl per disc) were delivered 

via a 30G needle, with a sham OptiMEM (vehicle) NT control. Discs were cultured for 72 hours, 

after which the intact IVDs were excised, snap frozen in liquid nitrogen and embedded in optimal 

cutting temperature (OCT) compound (Fischer Scientific). Upon freezing, sections of 10 µm were 

cut in the sagittal orientation using a Leica CM 3050 S Cryostat. miRNA uptake to the cells was 
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assessed using a Leica SP8 scanning confocal microscope (Leica, Germany), with nuclei 

counterstained using Hoechst 33342.  

 

6.2.8 Ex vivo organ culture treatment administration 

Organ culture experiments were divided into five groups, as outlined in Table 1. A healthy 

control disc without cABC insult was included, while all other discs received cABC to induce mild 

degeneration. Treatment groups were administered as follows: The NT group received a sham 

injection of OptiMEM (vehicle). The miRNA-only group was injected with 200 µl of FLR-miRNA-

149-5p mimic + miRNA-221-3p inhibitor complexes at a concentration of 25 ng/µl. For cell-based 

treatments, NP cells and BMSC were transfected with FLR-miRNA-149-5p mimic and miRNA-

221-3p inhibitor as described previously. A total of 5.5 x 106 cells were delivered to each disc, a 

number predicted to restore goat matrix synthesis to a healthy level in vivo. 287 Prior to injection, 

both cell types were labelled with PKH-26 dye (Sigma) as per the manufacturer’s instructions to 

allow visualisation. After termination of culture, NP tissue was dissected and removed from each 

disc, weighed, and stored at -70 °C. Tissues were freeze dried using a standard procedure (500 

mTorr, -10°C, 16 – 18h, Harvest Right™, USA), re-weighed to determine hydration levels, and 

processed for biochemical evaluation. For histological evaluation, excess tissue and bone were 

removed, and discs were fixed in 4% PFA overnight at 4°C. 

 

Table 6. 1 Treatment groups, description and details for ex vivo organ culture. 

Group Name  Degeneration Treatment Description Treatment Details 

Healthy None Non-degenerated 

healthy control 

No treatment 

Non-transfected (NT) 200 µl chondroitinase 

ABC (cABC) 

Degenerated control,  200 µl Opti-MEM 

(vehicle) treated 

miRNA-only 200 µl chondroitinase 

ABC (cABC) 

FLR-dual-miRNA 

treated 

200 µl FLR miRNA-

149-5p + 221-3p 

inhibitor (25 ng/µl) 

miRNA-NP 200 µl chondroitinase 

ABC (cABC) 

FLR-dual-miRNA 

transfected nucleus 

pulposus (NP) cells  

200 µl 5.5 x 106 NP cells 

transfected with FLR 

miRNA-149-5p + 221-

3p inhibitor (10 ng/µl)  
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miRNA-BMSC 200 µl chondroitinase 

ABC (cABC) 

FLR-dual-miRNA 

transfected bone marrow 

derived stem cells 

(BMSCs)  

200 µl 5.5 x 106 BMSCs 

transfected with FLR 

miRNA-149-5p + 221-

3p inhibitor (10 ng/µl) 

 

6.2.9 Viability of microtissues and ex vivo organ culture 

At days 3 and 14 of culture, microtissues were washed with PBS and incubated for 1 hour 

at 37°C in a staining solution consisting of 2 µM Calcein (Sigma-Aldrich) and 4 µM ethidium 

homodimer (EthD-1, SLS Scientific Laboratory Supplies). For evaluation of cell viability in ex vivo 

disc organ cultures, the intact disc was dissected from the vertebral bodies, washed with PBS and 

incubated for 1 hour at 37°C in the live/dead staining solution. Following aspiration of the staining 

solution and three washes of PBS the tissue was embedded in OCT and snap frozen in liquid 

nitrogen. Sections of 10 µm were acquired on a Leica 3050S Cryostat. Sections were imaged on a 

Leica SP8 confocal microscope to allow visualisation of live and dead cells (485 nm excitation, 530 

nm emission for Calcein, 530 nm excitation, 645 nm emission for EthD-1). Images were analysed 

using ImageJ software (version 1.54p) to generate maximum-intensity projection z-stacks for 

quantification of live and dead cell populations. 

 

6.2.10 Biochemical quantification of in vitro and ex vivo organ culture 

For in vitro experiments pooled media was freeze dried as previously described, and both 

cells and media were digested for 18 hours at 60 °C in 100 mM Sodium Phosphate/ 5mM Na2EDTA 

Buffer with 3.88 U/mL papain enzyme (all Merck Life Science Ltd.). Tissue samples from ex vivo 

organ cultures were weighed before and after freeze drying to assess hydration and were similarly 

digested with papain. 

 

6.2.11 Histology and immunocytochemistry of in vitro and ex vivo organ 

culture 

Following fixation, microtissues were embedded in 4% (w/v) agarose and sequentially 

dehydrated through graded ethanol solutions and embedding in paraffin wax. Sections of 7 µm 

thickness were prepared using a microtome (Leica Microsystems). Goat discs were decalcified in 

Decalcifying Solution-Lite (Merck Life Sciences Ltd.) for approximately 4 weeks, until softened, 

followed by incubation in 30% sucrose solution and OCT embedding. Sections of 10 µm were 

prepared using a Leica CM3050 S Cryostat. 
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For immunocytochemistry, due to being paraffin embedding, antigen retrieval on 

microtissue sections was performed in sodium citrate buffer (pH 6) heated to 100 °C in a pressure 

cooker for 1 minute. All antibodies used are detailed in Table . The corrected total cell fluorescence 

was quantified for regions of interest, (i.e. the microtissues or NP tissue), and normalised to cell 

number.  

Table 6. 2 Primary and secondary antibodies utilised for immunocytochemistry. 

Antigen Species Concentration Supplier & Code 

Aggrecan Rabbit 1:250 Invitrogen, 

MA532695 

Collagen type II Rabbit 1:250 Invitrogen, PA599159 

Collagen type IAI Rabbit  1:150 Invitrogen, PA5-

29569 

SOX9 Rabbit 1:250 Invitrogen, PA586301 

ADAMTS5 Rabbit 1:250 Invitrogen, PA532142 

MMP13 Mouse 1:125 Invitrogen, 

MA514247 

TNF-α Rabbit 1:100 Invitrogen, PA519810 

IL-1β Rabbit 1:200 Invitrogen, P420B 

Anti-Rabbit Alexa 

Fluor 488 

Goat 1:500 Invitrogen, A27034 

Anti-Mouse Alexa 

Fluor 488 

Goat 1:2000 Invitrogen, A11001 

 

6.3 Results 

6.3.1 Efficient microRNA internalisation was achieved, and the scramble 

control showed no functional effects in NP cell or BMSC cultures 

The success of miRNA therapy hinges upon effective nanoparticle delivery, while the 

vector employed should not adversely alter cell function. Efficient internalisation was achieved 

following FLR-miRDy547 transfection at concentrations above 5 ng/µl (Fig. 6.2A), with a plateau 
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reached at 10 ng/µl (mean NP 79.4% ± 6.0, mean BMSC 85.0% ± 10.5, p ≤ 0.0001 for both NP and 

BMSC compared to 0 ng/µl, Fig. 6.2B). At the highest concentration of 25 ng/µl, NP cell number 

decreased significantly compared to the 10 ng/µl dose (p = 0.016), with BMSCs following a similar 

trend (5 ng/µl vs 25 ng/µl, p = 0.085), indicating a detrimental effect at elevated concentrations 

(Fig. 6.2C).  

 

 

Figure 6. 2 Dosage study of FLR delivered fluorescently tagged miRDy547 in goat nucleus 

pulposus (NP) and bone marrow-derived stem cells (BMSC) 3 days post-transfection, showing 

a plateau in internalisation efficiency at 10 ng/µl for both cell types. (A) Representative images 

of miRDy547 internalisation. (B) Degree of miRDy547 internalisation efficiency (%) as assessed 

by flow cytometry. (C) Fold change in cell count normalised to non-transfected (NT) control. 

Statistical analysis- one-way ANOVA with Tukey’s post hoc analysis. N = 3 independent biological 

donors. * p < 0.05, *** p < 0.001, **** p < 0.0001 indicates statistical significance. Scale bar = 

200 µm. 

 

FLR-scrambled miRNA transfection did not induce functional changes, with no significant 

differences in DNA, sulphated glycosaminoglycan (sGAG), or collagen levels in either two- or 

three-dimensional cultures (Fig. 6.3).  
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Figure 6.3 Functional assessment of scramble miRNA transfection on monolayer and 3D 

culture in goat nucleus pulposus (NP) and bone marrow-derived stem cells (BMSCs). (A) No 

changes were identified biochemically following scramble miRNA transfection, with DNA, 

sulphated glycosaminoglycan (sGAG), and collagen production assessed. (B) Biochemical analysis 

of three- dimensional culture likewise demonstrated no changes. (C) Representative images of 

histological staining for haematoxylin and eosin (H&E), Alcian blue (AB), and Picrosirius red (PR). 

Statistical test is one-way ANOVA with Tukey’s post-hoc analysis. ns = non-significant. N = 3 

independent biological replicates. Scale bars 50 µm. 
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6.3.2 Dual-miRNA delivery induced cell type-specific differences in matrix 

degrading enzyme expression in monolayer cultures 

Driving ECM protein production while reducing catabolic activity is critical when 

assessing potential treatments targeting IVD degeneration. In monolayer culture, a modest upward 

trend in aggrecan protein expression was observed (Fig. 6.4 A & B BMSC p = 0.0737), while 

collagen type II was unchanged three days post-transfection for both cell types. However, following 

cytokine stimulation, the cell types exhibited distinct post-transfection responses. ADAMTS5 was 

significantly upregulated in transfected BMSCs compared to NP cells (p < 0.001), while transfected 

NP cells showed a significant decrease in expression relative to NT controls (p = 0.015). Similarly, 

MMP13 expression was increased in BMSCs and significantly higher than in NP cells (p = 0.019).  

 

Figure 6.4 Comparison of extracellular matrix (ECM) markers, and catabolic enzymes three 

days post dual-miRNA transfection in goat nucleus pulposus (NP) and bone marrow-derived 

stem cells (BMSCs). Fluorescence intensity was quantified for aggrecan (A & B, ACAN), collagen 

type II (C & D, COL2), ADAMTS5 (E & F), and MMP13 (G & H) and normalised to the non-

transfected (NT) control, with representative images presented for each condition. Statistical test is 
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one-way ANOVA with Tukey’s post hoc analysis. N = 6 independent biological donors, * p < 0.05, 

** p < 0.01, *** p < 0.001 indicates statistical significance. Scale bar = 50 µm. 

 

6.3.3 Microtissues maintained strong viability throughout the culture period 

To investigate the effect of dual-miRNA stimulation in a more relevant 3D model, it was 

first confirmed that viability was maintained throughout the culture period. DNA content increased 

for both NT-NP and miRNA-BMSC treated groups from day 3 to 14 (Fig. 6.5A & B p = 0.0142 and 

p = 0.0081, respectively). However, no differences were identified between any of the groups at the 

culture endpoint. Live/dead staining at both early and late timepoints confirmed these findings. 

Although a significant reduction in viability was observed in the NT-BMSC group compared to 

both NP groups (Fig. 6.5C & D, p = 0.0067 compared to NT-NP and p = 0.0024 compared to 

miRNA-NP), viability remained above 88% across all groups at both timepoints.  

 

 

Figure 6.5 DNA quantification, representative Haematoxylin and Eosin (H&E) staining, and 

viability of non-transfected (NT) and FLR-miRNA-149 mimic + miRNA-221-inhibitor (dual-

miRNA) 3D microtissues formed from nucleus pulposus (NP) and bone marrow-derived stem 

cells. (A) DNA content (g DNA/sample) was quantified using a Hoechst Bisbenzimide assay. (B) 
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Representative H&E images of NP and BMSC microtissues. (C) Live cell viability (%) in 

microtissues was assessed employing live/dead staining. (D) Representative images of live/dead 

staining. Statistical test is a two-way ANOVA with Tukey’s post-hoc analysis. N = 6 independent 

biological donors. * p < 0.05, ** p < 0.01 indicates statistical significance.  Scale bars = 100 µm.   

 

6.3.4 Dual-miRNA transfection promoted divergent upregulation of early and 

late-stage extracellular matrix markers in 3D cultures 

Given the crucial role of GAGs in the formation of ECM, total sGAG production was 

assessed in microtissue cultures, alongside proteins of interest at early and late-stages. sGAG 

deposition, displayed as the total amount and normalised to DNA content, was significantly 

upregulated across all groups following two weeks of microtissue culture (Fig. 6.6A, B, C, p < 

0.0001 for all groups). The total sGAGs deposited by miRNA-BMSCs were significantly higher 

than in NP groups (Fig. 6.6A p = 0.0044 vs NT-NP, and p = 0.0009 vs miRNA-NP). However, this 

effect between groups was abrogated after normalisation to DNA content, with significant 

differences remaining only between timepoints (Fig. 6.6B, C). Qualitatively this was reflected in 

increased GAG production as visualised by Alcian blue staining, with deeper staining observed at 

later timepoints across all groups (Fig. 6.6B). Immunofluorescence analysis revealed a significant 

increase in the early chondrogenic marker SOX9 in dual-miRNA transfected NP cells at the end of 

culture compared to NT controls (Fig. 6.6D. & E. p = 0.0322). Conversely, the later-stage 

proteoglycan ACAN was substantially upregulated in transfected BMSCs relative to transfected NP 

cells, and both NT controls (Fig. 6.6F. & G. p = 0.0282, p = 0.0088 respectively).  
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Figure 6.6 Biochemical quantification, histological, and immunocytochemistry analysis of 

matrix-specific markers of non-transfected (NT) and FLR-miRNA-149 mimic + miRNA-221-

inhibitor (dual-miRNA) 3D microtissues formed from nucleus pulposus (NP) and bone 

marrow-derived stem cells (BMSCs) at timepoints 3 (T3) and 14 (T14) of culture. (A) 

Sulphated glycosaminoglycans (sGAGs) per sample (g) and (B) normalised to DNA content 

(g/g) (C) Representative images of Alcian blue (AB) staining for sGAGs. (D) SOX9 protein 

expression was quantified using immunofluorescence, NP-transfected cells exhibited significant 

increases by day 14. (E) Representative images of SOX9 protein staining. (F) Aggrecan protein 

expression as quantified by immunofluorescence. By day 14, BMSCs exhibited significantly higher 

expression compared to all other groups (G) Representative images of aggrecan staining. Statistical 
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test is a two-way ANOVA with Tukey’s post-hoc analysis. N = 6 independent biological donors, * 

p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates statistical significance. Scale bars 

= 100 µm. 

 

6.3.5 Dual-miRNA stimulation increased total collagen content and specific 

collagen markers in microtissue cultures 

Alongside GAG formation, collagens, particularly collagen type II, are crucial for 

maintaining NP ECM integrity. Total collagen content increased as a function of time across all 

treatment groups except NT-NP (Fig. 6.7A & B p ≤ 0.05). However, following normalisation to 

DNA content this effect was abolished (Fig. 6.7C), with no differences observed between any of 

the groups. Likewise, minor increases in Picrosirius red (PSR) staining intensity was observed in 

the transfected groups. miRNA-BMSCs exhibited increased expression of the more fibrotic 

collagen type I compared with NT controls (Fig. 6.7D & E, p = 0.033), while collagen type II 

showed a trend towards higher expression in the transfected BMSC group (Fig. 6.7F & G, p = 

0.1025).  
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Figure 6.7 Biochemical quantification, histological, and immunocytochemistry analysis of 

collagen-specific markers of non-transfected (NT) and FLR-miRNA-149 mimic + miRNA-

221-inhibitor (dual-miRNA) 3D microtissues formed from nucleus pulposus (NP) and bone 

marrow-derived stem cells. (A) Collagen content per sample (g) and (B) normalised to DNA 

content (g/g). (C) Representative histological images of microtissues following Picrosirius Red 

staining for collagen. (D) Protein expression of COL1A1 and (E) representative immunofluorescent 

images for DAPI/COL1 (F) COL2A1 protein expression and (G) representative immunofluorescent 

images for DAPI/COL2 . Statistical test is a two-way ANOVA with Tukey’s post-hoc analysis. N 

= 6 independent biological donors, * p < 0.05, ** p < 0.01 indicates statistical significance. Scale 

bars = 100 µm. 
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6.3.6 Dual-miRNA transfection induced differential catabolic and 

inflammatory responses between cell types 

Restoring homeostatic balance in the degenerated IVD requires the suppression of catabolic 

and inflammatory mediators. Consistent with monolayer studies, ADAMTS5 expression was 

substantially elevated in transfected BMSC cells compared to both NT controls and miRNA-NP 

cells (Fig. 6.8A & B p = 0.0236 and p = 0.0038, respectively). In contrast to the 2D experiments, 

MMP13 expression in miRNA-BMSCs was strongly attenuated after 14 days in culture compared 

with controls (Fig. 6.8C & D p < 0.0001). As observed in monolayer studies, transfected NP cells 

demonstrated marked reductions in MMP13 expression (p = 0.0158). To gain deeper insight into 

inflammatory activity, IL-1β and TNF-α were assessed. IL-1β showed an upward trend in miRNA-

BMSCs compared with miRNA-NP cells (Fig. 6.8E & F p = 0.0746). TNF-α levels demonstrated 

modest decreases overall, however transfected NP cells recovered from an initial spike at day 3 and 

showed a significant reduction by day 14 (Fig. 6.8G & F p = 0.028).  
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Figure 6.8 Immunofluorescence protein quantification and representative images of catabolic 

enzymes and pro-inflammatory cytokines in non-transfected (NT) and FLR-miRNA-149 

mimic + miRNA-221-inhibitor (dual-miRNA) 3D microtissues formed from nucleus pulposus 

(NP) and bone marrow derived stem cells (BMSCs). (A & B) ADAMTS5 expression exhibited 

a significant increase in the BMSC-transfected group. (C & D) MMP13 protein expression was 
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reduced for both cell types (E & F) IL-1β showed no significant changes, however there was 

evidence of an upwards trend for the BMSC transfected groups. (G & H) TNF-α levels in dual-

miRNA transfected NP cells significantly decreased by the end of the study. Statistical test is a two-

way ANOVA with Tukey’s post-hoc analysis. N = 6 independent biological donors, * p < 0.05, ** 

p < 0.01, *** p < 0.001, ****p < 0.0001 indicates statistical significance. Scale bars = 100 µm. 

 

6.3.7 Dual-miRNA and transfected-cell delivery promoted discogenic protein 

expression while suppressing catabolic and inflammatory factors in an ex vivo 

organ culture 

Ex vivo organ culture represents one of the most physiologically relevant models available 

in the disc field outside of in vivo models. The dose of 2U cABC was established through a pilot 

study to determine a mild rather than severe degree of degeneration (Fig. 6.9). There was 

demonstrated a reduction in sGAGs through Alcian Blue staining (Fig. 6.9A) and a significant 

increase in ADAMTS5 protein expression with 2U compared to the healthy control following 14 

days of degeneration (Fig. 6.9C). It is important to note, that while the higher dose of 4U elicited a 

stronger response in relation to sGAG degeneration alongside MMP13 and ADAMTS5 expression, 

this magnitude of response is consistent with severe degeneration, outside the remit of the proposed 

treatments. Furthermore, it has been shown in vivo that degeneration will proceed throughout the 

study period,268 therefore, a lower insult of 2U cABC is a more appropriate model of mild 

degeneration.  
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Figure 6.9 Goat ex vivo organ culture degeneration pilot to establish cABC dosage, following 

14 days of cABC degeneration. (A) Representative Alcian blue staining for sulphated 

glycosaminoglycan (sGAG) deposition. Protein quantification normalised to healthy control and 

representative immunofluorescence images for catabolic proteins (B) MMP13, (C) ADAMTS5. 

Histology scale bar 3mm, immunofluorescence scale bar. Statistical test is one-way ANOVA with 

Tukey’s post-hoc analysis, n = 4 technical replicates. 

 

To ensure the suitability of the model, FLR-miRDy547 uptake was assessed in mildly 

degenerated goat IVDs, with a dose of 25 ng/µl selected for further studies due to its significant 

overexpression and retention within cells (Fig. 6.10A). Cell viability was unaffected by miRNA 

delivery (Fig. 6.10B). Following delivery, PKH26-labelled NP cells and BMSCs were confirmed 

to be retained within the NP region at the end of the culture period (Fig. 6.10C).  
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Figure 6.10 Assessment of miRNA delivery efficiency, culture viability, and cell retention in 

ex vivo organ culture of goat intervertebral discs. (A) Delivery of a fluorescently tagged miRNA 

demonstrated efficient uptake 3 days post-transfection. (B) Live/dead staining of sections of nucleus 

pulposus (NP) tissue following 28 days of culture. (C) PKH-26 staining of cells delivered 

demonstrated retention during the 28-day culture period. Statistical test is one-way ANOVA with 

Tukey’s post-hoc analysis. * p < 0.05, ** p < 0.01, ns = non-significant. Scale bars for A & B are 

100 µm. Scale bars for whole organ view of C are 1mm and 200 µm for inset. 

Following treatment with dual-miRNA only or with stimulated cells, histological and 

biochemical assessment was carried out to assess cell and matrix composition. H&E staining 

demonstrated maintenance of the cell population despite degeneration and confirmed retention of 



101 

 

delivered NP cells and BMSCs as indicated by the black arrows in Fig. 6.11A. These observations 

were supported by DNA quantification (Fig. 6.11H). Proteoglycan content was evaluated using AB 

staining (Fig. 6.11 C).  Although modest increases in AB staining were observed in treatment 

groups, quantitative sGAG measurements revealed no significant differences (Fig. 6.11C & I). 

Specific markers were assessed to examine potential differences in early (SOX9) and late-stage 

(aggrecan) matrix protein production. Delivery of dual-miRNA transfected NP cells elevated SOX9 

protein expression compared to the healthy, NT, and BMSC miRNA groups (Fig. 6.11D & E, p = 

0.042, 0.02, and 0.106, respectively). This enhancement of matrix markers was reflected in 

aggrecan synthesis, which was strongly upregulated in the NP-miRNA group compared to controls 

(Fig. 6.11F & G, p = 0.038). Collagen content assessed by PSR showed no substantial changes 

consistent with biochemical analysis (Fig. 6.11B & J).  Finally, no differences in the sGAG to 

collagen ratio was observed for any of the groups investigated (Fig. 6.11H).  
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Figure 6.11 Histological and biochemical evaluation of goat ex vivo organ culture following 

dual delivery of miRNA-149-5p mimic and 221-3p inhibitor, or dual-miRNA stimulated goat 

nucleus pulposus (NP) and bone marrow-derived stem cells (BMSC) following 28 days of 

culture. (A) Representative images of histological staining for haematoxylin & eosin (H&E), (B) 

Picrosirius red (PSR) (C) Alcian blue (AB). (D & E) Sox9 expression was elevated in NP miRNA 

cells compared to controls (healthy and non-transfected, NT). (F & G)  ACAN expression was also 

higher in the NP-miRNA treated group compared to NT control. (H) Biochemical quantification of 
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DNA (g/sample), (I) sGAGs (g/g), (J) collagen (COL, g/g) production and (K) sGAG:COL 

(g/g) ratio during the 14-day culture period. Statistical test is one-way ANOVA with Tukey’s 

post-hoc analysis. N = 3 independent biological donors. * p < 0.05 indicates statistical significance. 

Scale bars for whole organ view = 2 mm, magnified images 400 µm, indicated by magnifying glass. 

Given the variety of approaches available for normalising biochemical data obtained from 

organ culture, all biochemical results are presented in Fig. 6.12. The parameters shown include 

tissue hydration, total DNA content, sGAG content, and collagen content, together with values 

normalised to both wet and dry tissue weight. 

 

 

Figure 6.12 Supplementary biochemical analysis of goat intervertebral discs following ex vivo 

organ culture. (A) Tissue hydration, (B) DNA content, (C) sulphated glycosaminoglycans 

(sGAGs), (D) collagen content, and (E) sGAG to collagen ratio. N = 3 independent biological 

replicates.  
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Following evaluation of discogenic markers, the effects of dual-miRNA and dual-miRNA 

transfected cells on the protein expression of catabolic and inflammatory targets was evaluated. 

cABC-induced degeneration in the NT group elicited a substantial increase for all targets when 

compared to the healthy non-degenerated controls. ADAMTS5 expression was significantly 

suppressed by dual-miRNA delivery (Fig. 6.13A & B p = 0.0088). MMP13 levels were significantly 

attenuated across all treatments groups compared to the degenerated NT control (Fig. 6.13C & D p 

= 0.0082, p = 0.007, and p = 0.0239, for dual-miRNA, NP-miRNA, and BMSC-miRNA vs NT, 

respectively). Similarly, IL-1β activity was strongly diminished following treatment compared with 

NT controls (Fig. 6.13E & F p = 0.0002 for dual-miRNA, p < 0.0001 for both NP-miRNA and 

BMSC-miRNA). Finally, TNF-α production was supressed across all treatment groups when 

compared to the degenerated NT controls (Fig. 6.13G & H p = 0.001, p = 0.0004, p = 0.0007, for 

dual-miRNA, NP-miRNA, and BMSC-miRNA, respectively). Aside from the reduction of 

ADAMTS5, which was specific to dual-miRNA delivery, no notable differences were observed 

between groups suggesting no clear advantage of NP cells versus BMSCs for supressing these 

degradative factors in the NP region.  
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Figure 6.13 Immunofluorescence analysis and representative images of catabolic enzyme and 

pro-inflammatory cytokine protein levels in ex vivo organ culture following dual-miRNA 

delivery alone, or transfected nucleus pulposus (NP) and bone marrow-derived stem cell 

(BMSC), post-28 days in culture. (A & B) ADAMTS5 protein expression was markedly reduced 

following dual-miRNA delivery. (C & D) MMP13 was significantly downregulated across all 

treatment groups. (E & F) Protein production of IL-1β was supressed post-treatment delivery. (G 

& H) TNF-α activity was strongly diminished by all treatments. Statistical test is one-way ANOVA 

with Tukey’s post-hoc analysis. N = 3 independent biological donors. * p < 0.05, ** p < 0.01, *** 

p < 0.001, ****p < 0.0001 indicates statistical significance. Scale bars = 1 mm for whole organ 

view and  400 µm for magnified image, indicated by magnifying glass. 

 

6.4 Discussion 

The therapeutic potency of miRNA-guided augmentation of cellular phenotypes has gained 

significant appreciation in recent years. Similarly, the efficacy of cell transplantation to promote 

IVD anabolism while curbing catabolism has been debated. While some studies report increased 
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ECM production and improvements to disc height, others have observed no changes in disc height, 

and minimal regeneration.19,274-276,278,288  In this study, the delivery of two cell populations following 

dual-miRNA stimulation was explored, to determine whether the delivery of a transfected cell 

source offers advantages over administering the dual-miRNA only. Central to this chapters’ results 

was the sustained anti-catabolic effect previously attributed to the dual delivery of FLR-miRNA-

149-5p mimic + miRNA-221-3p inhibitor.241,242 Furthermore, the evidence presented suggests the 

upregulation of discogenic markers following the delivery of dual-miRNA transfected NP cells in 

a goat ex vivo organ culture model of mild IVD degeneration. Taken together, these results highlight 

the potency of dual-miRNA delivery while also identifying encouraging restorative trends post-

miRNA-NP cell transplantation.  

The onset of degeneration and decline of IVD health is characterised by the amplification 

of the catabolic and inflammatory milieu. In agreement with previous work from Chapter 4 and 5, 

dual-miRNA delivery strongly inhibited degradative protein markers. miRNA-149-5p in particular 

has been highlighted as an anti-inflammatory miRNA, eliciting positive effects both in vitro and in 

vivo. Specifically, Lang et al demonstrated that protein expression of IL-1α, IL-1β, and IL-6 were 

significantly reduced in miRNA-transfected versus non-transfected wounds during healing and 

these effects persisted even under a TNF-α challenge. 289 Furthermore, in chondrocytes, cells that 

closely resemble NP cells in both morphology and behaviour, miRNA-149 delivery has been shown 

to markedly suppress the inflammatory cytokine IL-6 and degradative enzyme MMP-3 at both the 

mRNA and protein levels.191 A recent study demonstrated that the inhibition of miRNA-149-5p in 

tert-Butyl hydroperoxide (TBHP)-challenged NP cells exacerbated the inflammatory response 

through Nod-like receptor Pyrin domain containing 1 (NLRP1) activation, 290 a critical 

inflammation mediator, further emphasising the anti-catabolic utility of this miRNA. These findings 

support the anti-degradative effects mediated by miRNA-149 when delivered in tandem with 

miRNA-221-3p inhibitor. 

 

In both two- and three-dimensional culture, NP cells exhibited greater resilience when 

exposed to cytokine challenges. Expression of ADAMTS5, MMP13, IL-1β, and TNF-α in NP cells 

tended to be lower than in BMSCs, regardless of transfection. This may reflect an inherent adaptive 

advantage, as NP cells secrete low levels of TNF-α and IL-1β, even in a healthy state. 42,291 Serum 

starvation and cytokine challenges were applied in monolayer, which may have disproportionately 

affected BMSCs. Redondo-Castro and colleagues identified a strong up-regulation of anti-

inflammatory factors; granulocyte-colony stimulating factors (GCSF), and IL-1 receptor antagonist 

in cytokine-stimulated spheroids in comparison to their monolayer counterparts, suggesting 

BMSCs are sensitive to challenges based on their culture dimensionality. 292 Conversely, cervical 
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derived NP cells did not elicit an immunogenic response when co-cultured with peripheral blood 

mononuclear cells (PBMCs) in monolayer, with no discernible increase in T cell markers or pro-

inflammatory cytokines. 293 These observations suggest that NP cells exhibit a comparatively lower 

inflammatory response to challenges, particularly in vitro. 

The suppression of degradative factors was most pronounced in the ex vivo model of mild 

degeneration, further supporting the implementation of physiologically relevant culture systems. A 

strong catabolic upregulation was observed between the healthy and degenerative controls, 

validating the model, with both miRNA only and transfected cells strongly supressing these 

elevated levels of catabolic expression. Encouragingly, this mirrors previous chapters in rat ex vivo 

organ culture, demonstrating the utility of dual-miRNA+149-5p and 221-3p inhibitor across 

species.241,242 Interestingly, and contrary to the in vitro experiments, miRNA-BMSCs exhibited an 

anti-catabolic effect in the ex vivo model. BMSCs rely upon microenvironmental factors to exert 

immunomodulatory effects,  which may have been further enhanced when delivered directly to an 

organ. In vitro, application of conditioned media from BMSCs has been shown to reduce cytokine 

expression in NP cells. 294 Moreover, MSC encapsulated hydrogels have demonstrated 

immunomodulatory potential, curbing inflammation and promoting an anti-inflammatory state 

through macrophage polarisation. 295 Taken together, these findings highlight the importance of 

culture model, with the immunomodulatory effect being supressed in vitro, but enhanced ex vivo.  

In the context of IVD degeneration, catabolic suppression may represent the gateway to 

regeneration, but this must occur concurrently with matrix accumulation to restore lost tissue 

components. Minor increases in sGAGs were identified histologically and biochemically following 

treatment with miRNA-NP cells. However, analysis of specific markers was particularly 

encouraging, with both SOX9 and aggrecan showing significant upregulation. Feng et al delivered 

NP cells and BMSCs to degenerated rabbit discs, which halted DHI decline, and resulted in 

improvements to histological scoring compared to the sham control. 288 Consistent with this study, 

albeit at the gene rather than protein level, aggrecan was significantly upregulated in both treatment 

groups compared to the degenerated control. Moreover, Chen and colleagues delivered NP cells 

and NP-derived mesenchymal stem cells to rabbit IVDs, finding no regenerative differences 

between the treatment groups, although both showed improvement compared to the degenerated 

control. 274 In this work, the detection of both early and late-stage ECM production markers 

following delivery of transfected NP cells is encouraging, indicating a shift towards a regenerative 

response that may not have had sufficient time to fully mature.  

 Ex vivo organ degeneration was induced by delivering the enzyme chondroitinase ABC 

(cABC), which degrades chondroitin sulphate GAG chains of proteoglycans, 296 and is widely 

recognised for reducing GAG content whilst eliciting a catabolic response in both ex vivo and in 
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vivo models of disc degeneration. 148,267,268 As the principal sulphated proteoglycan within the disc 

ECM, regulation of aggrecan catabolism is key to restoring homeostasis. In bovine cartilage 

explants, aggrecan has been shown to be rapidly cleaved by cABC into numerous smaller core 

peptides, 297 suggesting these core fragments must be replenished and modified prior to the 

reformation of the total proteoglycan. 298,299 The observed increase in SOX9, considered a 

discogenic master regulator, 300,301 and aggrecan in the NP-miRNA group suggests the early 

establishment of a regenerative phenotype. Full glycosylation may not yet have been achieved, 

likely reflecting a limitation of the ex vivo organ culture model, in which maintaining cultures 

beyond 4 weeks is currently not feasible. Truncated aggrecan molecules lacking chondroitin 

sulphate chains are characteristic of ageing and degenerative pathology, 302,303 and may potentially 

explain the disparity observed between sGAG and aggrecan levels.  

The upregulation of discogenic factors observed in this work is likely to be primarily 

influenced by the inhibition of miRNA-221-3p, the chondroinductive element of the dual-miRNA 

therapy. In cartilage regeneration, silencing of miRNA-221 has been shown to enhance the 

production of matrix markers. As early as 2010, microtissue cultures of MSCs demonstrated 

enhanced chondrogenesis and cell proliferation through degradation of Slug protein in cells treated 

with miRNA-221 inhibitor. 304 More recently, the loading of collagen hydrogels with miRNA-221 

inhibitor similarly led to significant increases in collagen type II and aggrecan at the mRNA level 

and sGAGs at the protein level. 256 In the context of disc regeneration, Sheng and colleagues 

reported a protective effect of miRNA-221 inhibition in cartilaginous endplate (CEP) cells, with 

significant upregulation of aggrecan and collagen type II protein expression. 305 Similar upward 

trends were observed here, particularly in more sophisticated culture models, reinforcing the 

potential of miRNA-221 silencing as a strategy to counter intervertebral disc degeneration.  

The combined delivery of dual-miRNAs produced a beneficial effect, enhancing pro-

anabolic and suppressing catabolic signals, reflecting the inherent biological complexity of 

simultaneously targeting multiple degenerative pathways. This combinatorial approach has been 

successful in other fields, including the treatment of various cancers 306-308, where it proved both 

therapeutically effective and non-toxic. Similarly, in this study, dual-miRNA delivery showed no 

adverse effects on cell viability in ex vivo organ culture. In Chapter 4 it was shown that dual delivery 

of miRNA-149-5p + miRNA-221-3p inhibitor outperformed single miRNA treatment, both in terms 

of ECM molecule accumulation and in the suppression of matrix degrading enzymes. 241 A similar 

effect was reported by Castaño et al, whereby combined delivery of miRNA-210 + miRNA-16 

inhibitor loaded scaffolds significantly enhanced the osteogenic potential of MSCs when compared 

to individual-miRNA transfection. 184 The synergistic effect of dual-miRNA therapy likely arises 

from the modulation of complementary signalling pathways. For example, miRNA-149 is known 

to target molecules involved in the NF-κB pathway, 191,309 while miRNA-221 has been shown to 
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modulate members of the TIMP signalling family. 257,310 These distinct targets may be responsible 

for the modulation of both anabolic and catabolic factors, which further investigations could better 

elucidate given the multitude of pathways potentially involved.  

Although a range of culture models were utilised here, certain limitations should be 

acknowledged. While mechanical loading within the human physiological range 136 was applied in 

the bioreactor system, more sophisticated models could be utilised to better simulate the diurnal 

and complex loading pattern experienced through daily life. Recent studies using such dynamic 

systems have demonstrated modulation of the microenvironment, whereby anabolic genes were 

downregulated and catabolic genes upregulated following a regime of dynamic and static loading, 

perpetuating degeneration even in the absence of enzymatic insult.311 Furthermore, dynamic loading 

may increase the diffusivity of treatments throughout the NP region. 312 However, the simplified 

model incorporating static loading and cABC enzyme delivery successfully induced degeneration 

while maintaining viability comparable to that observed in more complex dynamic systems over 

the same culture period.313 Furthermore, PKH26 positive staining confirmed the presence of 

injected cells within the NP region, demonstrating their retention within the disc and supporting the 

utility of this approach as an accessible model. 

Whilst aligning with the 3R principles, 314 organ culture inherently limits the duration of  

experiments compared to in vivo studies, typically to a maximum of 4 weeks,315,316 which restricts 

assessment of longer term effects. Regeneration of the in vivo GAG matrix to a healthy level has 

been predicted to require 12 months in a goat following delivery of 5.5 x 106 cells,287 which is not 

feasible when using organ culture models. Nonetheless, organ culture models provide valuable 

insights into the early stages of treatment, and the use of goat discs offers strong translational 

relevance for human IVD therapies due to their anatomical and matrix compositional similarity to 

human discs.148  

One aspect of degeneration not addressed in this study but warrants further investigation is 

nociceptive pain. Elevated levels of markers such as β-nerve growth factor (β-NGF) and brain 

derived neurotrophic factor (BDNF) are associated with increasing degeneration severity and 

substantially affect quality of life in patients with degenerated discs. In a clinical study of platelet 

lysate delivery to the IVD, no measurable improvement in disc height was observed, yet both the 

visual analogue scale (VAS) and Roland-Morris disability questionnaire showed significant pain 

reduction.239 This highlights that modulation of pain perception is a key factor in rehabilitation, and 

should be considered alongside regenerative strategies. TNF-α has been shown in vitro to 

upregulate BDNF and β-NGF expression, 317-319 suggesting that a TNF-α silencing approach may 

potentially impact pain perception, although this remains to be explored in future studies. 
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In this study, the effect of dual delivery of the anti-inflammatory miRNA-149-5p mimic 

and the pro-matrix miRNA-221-3p inhibitor with the cell penetrating peptide FLR was examined 

to stimulate two candidate cell populations, NP and BMSCs to determine the most efficacious for 

delivery to a mildly degenerated IVD. The findings highlight the potential of a dual-miRNA 

transfected cell delivery approach to exert both anti-catabolic and anti-inflammatory effects in vitro 

and in ex vivo goat organ culture models, while demonstrating positive upregulation of matrix 

promoting markers. Stimulation of both NP and BMSCs with FLR-miRNA-149-5p mimic + 221-

3p inhibitor elicited positive effects, primarily through the suppression of key catabolic factors, 

ADAMTS5, MMP13, and the pro-inflammatory cytokines TNF-α and IL-1β. Notably, delivery of 

dual-miRNA treated NP cells to goat organs demonstrated particularly promising improvements in 

matrix-related markers, SOX9 and aggrecan, suggesting the potential of this strategy as a cell 

therapy for IVD degeneration when combined with the dual-miRNA. Furthermore, these results 

suggest that NP cells are more suited than BMSCs for delivery to the IVD post-miRNA transfection, 

as they demonstrated combined anti-catabolic and pro-restorative activity. Collectively, these 

findings support further longer-term investigations to assess the feasibility and efficacy of a dual-

miRNA NP cell-based delivery strategy to target and attenuate the degradative cascade promoting 

IVD degeneration and the development of LBP. 

 

6.5 Conclusion 

In this chapter the response of NP and BMSCs to the therapeutic dual-miRNA, miRNA-

149-5p mimic and miRNA-221-3p inhibitor was investigated, with the goal identifying the optimal 

cellular vehicle for IVD delivery. Suppression was demonstrated of key catabolic enzymes, 

ADAMTS5 and MMP13, alongside inflammatory mediators, TNF-α and IL-1β across all delivery 

groups, confirming the establishment of a robust anti-catabolic microenvironment. Importantly, 

only the delivery of dual-miRNA stimulated NP cells into organ culture elicited a significant 

anabolic response, evidence by the upregulation of matrix markers SOX9 and aggrecan, an effect 

not replicated by miRNA-BMSC delivery. Overall, the work presented in this chapter suggests NP 

cells as the more suitable regenerative cell source when delivered with FLR-miRNA-149-5p and 

221-3p inhibitor as a treatment of IVD degeneration.   
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Chapter 7. In vivo assessment of miRNA and miRNA stimulated 

cells 

7.1 Introduction 

While dual-miRNA delivery has shown promise in Chapter 4, pre-conditioning cells with 

miRNAs prior to transplantation could provide a stimulatory and enhanced therapeutic effect, 

suggested in Chapter 6. As degeneration progresses, the proportion of necrotic cells increases, 

therefore replenishing the resident cell population may also restore regenerative capacity.320 NP 

cells have been widely investigated due to their innate ability to withstand and survive the harsh NP 

microenvironment of low pH, glucose, and oxygen. This intrinsic adaptability has made them a 

promising candidate for transplantation to the IVD, and they have been explored in preclinical 

models. Nukaga et al delivered autologous NP cells co-cultured with bone marrow derived stem 

cells (BMSCs) in a canine model of induced IVD degeneration, observing increased proteoglycan 

staining, preserved disc height and reduced histological scores compared to untreated controls.275 

Following promising preclinical results,19,20 the biotech startup Discgenics have progressed to 

human clinical trials (NCT03955315 and NCT03347708). Using a canine IVD model, they 

demonstrated that transplanted human disc progenitor cells improved histological grading and disc 

height compared to untreated controls. 20 Furthermore, in a rabbit model of IVD degeneration they 

observed significant restoration of disc height in comparison to the untreated controls, with 

evidence of deeper ECM staining in treated discs. 19  

However, contradictory findings have emerged following cell delivery to degenerated 

IVDs. In a prospective human trial, autologous NP cells and BMSCs were co-cultured prior to the 

NP cells being delivered to an adjacent disc with evidence of moderate degeneration. 321 While the 

treatment was well tolerated, at a three-year follow up, only one of the nine patients showed  mild 

improvement on magnetic resonance imaging (MRI). Similarly, with stem cell delivery, Haufe et al 

reported no improvements in patient outcomes after a 1-year follow up. 322 Collectively, these 

studies highlight the potential of cell-based therapies for IVD regeneration, but their efficacy has 

yet to be fully elucidated. Furthermore, the choice of cell source is also critical; NP cells may have 

limited regenerative potential particularly if derived from herniated tissue, 323 while healthy cells, 

often cadaveric, raises possible ethical issues. Consequently, strategies that optimise the therapeutic 

potential of delivered cells may elicit meaningful functional responses. Similar strategies have been 

employed with promising effects through delivery of nucleic acid engineered extracellular vesicles 

(EVs) to IVDs.90,324 Accordingly, the inclusion of dual-miRNA-stimulated cells has, to the best of 

our knowledge, not been evaluated in animal or human studies, offering the potential to introduce 

a pre-programmed cell population capable of restoring the degenerated IVD niche.  

https://clinicaltrials.gov/study/NCT03955315
https://clinicaltrials.gov/study/NCT03347708#publications
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In vivo evaluation remains a powerful tool for assessing the translatability of potential 

therapies. For IVD degeneration, large animal models such as goats closely replicate the geometry 

and biochemical composition of the human disc, making them well-suited for bridging preclinical 

findings to human clinical trials. 287,325 Degeneration can be induced via NP aspiration,326 annular 

injury,327 mechanical disruption,328 or chemonucleolysis.329 Chemonucleolysis, often using 

chondroitinase ABC (cABC), enzymatically degrades proteoglycans, breaking down ECM, 296 

inducing inflammation,149 and allowing tuneable degeneration levels, as demonstrated in goat 

models. 148,330-332 

The overall aim of this chapter was to preclinically evaluate the safety and efficacy of dual-

miRNA-149-5p mimic and 221-3p inhibitor delivery in a goat model of mild IVD degeneration. 

Building on the potential of cell delivery from chapter 6, both miRNA- transfected, and non-

transfected NP cells were also delivered to determine the most effective injectable treatment. The 

findings presented here highlight the therapeutic promise of dual-FLR-miRNA-149-5p mimic and 

221-3p delivery, while revealing that cell delivery, regardless of transfection, negatively affected 

sGAG content, catabolic enzyme activity and pro-inflammatory cytokine expression.  

 

7.2 Materials and methods 

7.2.1 Animals and study design 

The aim of this study was to assess the regenerative potential of dual-miRNA delivery 

alone, or through dual-miRNA transfected NP cell delivery as a treatment for mild degeneration of 

the IVD. All animal experiments were carried out in accordance with the recommendations of the 

Irish Health Products Regulatory Authority (HPRA) following Directive 2010/63/EU on the 

protection of animals used for scientific purposes, outlined in the requirements of the Statutory 

Instrument No. 543 of 2012. This study was approved by the University College Dublin Animal 

Research Ethics Committee (Approval number – AREC-23-20) and the HPRA (Approval number 

– AE18982/P241). Six skeletally mature male goats were used in the study, as determined by power 

analysis to detect significance at the 0.05 level. The study comprised of two surgeries performed 8 

weeks apart: the first to induce degeneration and the second to administer the investigational 

treatments (Fig. 7.1). Treatments consisted of 1. A degenerated control (DC), which received the 

vehicle OptiMEM, 2. Dual-miRNA, 3. NP cells, and 4. Dual-miRNA transfected NP cells. Four 

disc levels (L1-L5) were designated to receive treatment, while T13-L1 and L5-6 were maintained 

as intact, untreated healthy controls.  
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Animals were housed indoors under standard husbandry conditions, and weather permitting, were 

returned to pasture 2 weeks after surgeries. Grass hay was available ad libitum and where 

appropriate supplemented with concentrates. The veterinary team performed daily welfare checks 

and completed scoresheets to assess pain, behavioural changes, gait abnormalities, and neurological 

deficits. Experimental outcomes included disc height measurements as evaluated from radiographs, 

MRI of select spines to examine disc condition, and computed tomography (CT) to assess changes 

to the vertebrae structure. Furthermore, biochemical characterisation of key matrix components was 

performed, alongside histological scoring, and semi-quantitative immunohistochemical analysis of 

specific extracellular matrix constituents, matrix degrading enzymes, and pro-inflammatory 

cytokines.  
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Figure 7. 1 Study design. Surgery 1 induced degeneration with the delivery of 0.25U 

chondroitinase ABC (cABC) to lumbar (L) levels L1-L5. Thoracic (T)13-L1 and L5-L6 were 

maintained as intact healthy controls. Treatments were delivered during the second surgery. NP: 

nucleus pulposus. NT: non-treated.  
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7.2.2 Surgical approach and enzymatic degeneration of IVDs 

Degeneration was induced by injecting the enzyme  chondroitinase ABC into four disc 

levels (L1-L5). Animals were sedated by administration of intravenous Diazepam (0.3-0.4 mg/kg) 

and intramuscular Morphine (0.4 mg/kg). Anaesthesia was then induced with propofol to effect 

(maximum dose 4mg/kg), followed by endotracheal intubation and maintenance with an oxygen-

isoflurane mixture. An ultrasound-guided retrolaminar nerve block was performed with lidocaine 

(2 mg/kg) to allow for an optimal balanced anaesthesia. A right lateral retroperitoneal surgical 

approach was used to access the IVDs via a retropsoas exposure. A metal marker (cerclage 0.6 mm 

diameter) was placed at the transverse process of L3 to secure correct location of injections. A 200µl 

dose of 0.25 U cABC (Sigma-Aldrich) was injected to L1-L2, L2-L3, L3-L4, and L4-L5 using a 

23G 5/8-inch needle. Incisions were closed with sutures in three layers, and an aseptic stent dressing 

was applied before animals were returned to their pre-surgery housing. Animals were administered 

intramuscular morphine (0.1-0.2 mg/kg) and subcutaneous non-steroidal anti-inflammatory drugs 

(NSAID, Meloxicam 0.5 mg/kg) at the end of anaesthesia. NSAID treatment was continued daily 

for 5 days postoperatively, stents were removed at day 3 and skin sutures were removed at day 14.  

 

7.2.3 miRNA and cell preparation 

Dual-miRNA-149-5p mimic + 221-3p inhibitor complexes were prepared with the FLR 

peptide (Dixon Lab., Nottingham, United Kingdom) in OptiMEM reduced serum media (Gibco) at 

a charge ratio of N:P 5. For direct dual-miRNA delivery, complexes at a dose of 25 ng/µl were 

formed via electrostatic interactions for 30 minutes at room temperature. In preparation for 

intradiscal delivery, goat NP cells were cultured in low glucose DMEM (LG DMEM, Sigma-

Aldrich) supplemented with 2% penicillin/streptomycin (pen/strep, Gibco), 10% foetal bovine 

serum (FBS, Gibco), and 2.5 mg/mL Amphotericin B (Sigma-Aldrich), dubbed XPAN media. Cells 

were maintained until confluency under physioxic conditions (5% O2 and 5% CO2, 37°C) up to 

passage 3, where they were trypsinised and resuspended in OptiMEM reduced serum media, or 

prepared for transfection. NP + miRNA cells were transfected with dual-miRNA complexes 

prepared as above at a dose of 10 ng/µl. Transfection proceeded for 6 hours at 5% O2 at 37°C, 

whereupon complexes were removed and replaced with XPAN media. Transfected cells recovered 

overnight prior to trypsinisation and surgical delivery. In total, 5.5 x 106 transfected or non-

transfected cells were delivered to each disc, a dose predicted to restore matrix synthesis in goat 

disc to healthy levels. 287 
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7.2.5 Disc height assessment 

Disc height changes were assessed at three timepoints during the study period: Before 

degeneration (week 0), post-degeneration (week 8), and post-treatment (week 24). Lateral 

radiographs were acquired in standing, fully weight-bearing positions. To assess degenerative 

changes and account for preferential height loss in specific regions disc height was measured 

separately across the ventral, dorsal, and central regions, by three blinded assessors. As an 

evaluation of the whole disc, disc height index (DHI) was likewise determined by the methods 

proposed by Sasaki et al. 333 

 

7.2.6 Magnetic resonance imaging  

Following euthanasia, the lumbar spines of two randomly selected goats were imaged using 

MRI to gain further insights into disc condition post-treatment. Spines were imaged using a 1.5 T 

clinical MRI scanner (GE SIGNA Artist, GE Healthcare). T1-weighted transverse fast spin echo 

(FSE), T2-weighted transverse FSE, T1-weighted sagittal FSE, T2-weighted sagittal FSE and dorsal 

SPIN images were obtained. 

 

7.2.7 Immunofluorescence and immunocytochemistry 

Tissue sections were permeabilised in 0.1% Triton X-100 and blocked for 1 hour in 5% 

bovine serum albumin (BSA) in PBS-Tween. All antibodies and dilutions used are presented in 

Table 1. Primary antibodies were incubated overnight at 4°C, followed by incubation with species-

matched Alex Fluor secondaries  for 2 hours at room temperature. An IgG control was included for 

all staining conditions. Nuclear counterstaining was performed using Hoechst Bisbenzimide 33342. 

Imaging was conducted on a Leica SP8 Gated STED microscope. Corrected total cell fluorescence 

was quantified for regions of interest specific to the NP and normalised to cell number.  

 

Table 7. 1 Primary and secondary antibodies used for immunofluorescence.  

Antigen Species Concentration Supplier & Code 

Aggrecan Rabbit 1:250 Invitrogen, 

MA532695 

SOX9 Rabbit 1:250 Invitrogen, PA586301 

ADAMTS5 Rabbit 1:250 Invitrogen, PA532142 
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MMP13 Mouse 1:125 Invitrogen, 

MA514247 

TNF-α Rabbit 1:100 Invitrogen, PA519810 

IL-1β Rabbit 1:200 Invitrogen, P420B 

Anti-Rabbit Alexa 

Fluor 488 

Goat 1:500 Invitrogen, A27034 

Anti-Mouse Alexa 

Fluor 488 

Goat 1:2000 Invitrogen, A11001 

 

7.2.8 mRNA isolation, sequencing, and data analysis 

Total RNA was extracted from approximately 50 mg of NP tissue using TRIzol reagent 

(Thermo Fisher) according to manufacturers’ instructions. Samples were submitted to Novogene 

Co. (Cambridge, U.K.) for library preparation and sequencing using the Illumina NovaSeq 

platform. For bioinformatic analysis, cleaned data reads were obtained and aligned to the ARS1.2 

GCA_001704415.2 reference genome using HISAT2 (v2.2.1). Mapped reads of each sample were 

assembled by StringTie (v2.2.3), and gene expression levels calculated using featureCounts 

(v2.0.6). Differential gene expression analysis was obtained using DESeq2, using an adjusted p-

value (padj) < 0.05 and |log2(foldchange)| ≥ 1. Gene ontology (GO) enrichment was performed 

using clusterProfiler (v4.8.1) with a correction for gene length bias, a corrected p-value of < 0.05 

was accepted as significant. 

 

7.2.9 Statistical analysis 

Statistical analyses were carried out using GraphPad Prism (version 10.42). Normality 

testing and ROUT outlier testing was performed on each dataset. Changes in disc height over time 

were evaluated using a two-way ANOVA with Tukey’s post-hoc tests. Biochemical differences were 

analysed using Brown-Forsythe and Welch ANOVA with Dunnett’s post-hoc testing. 

Immunohistochemical differences were established using a one-way ANOVA followed by Tukey’s 

post-hoc test with data for these tests displayed as mean ± standard deviation. For glucose and 

lactate assays, differences were assessed with a Kruskal-Wallis test followed by Dunn’s multiple 

comparisons test, with data displayed as median ± interquartile range. Each disc was considered as 

being an experimental unit and is identified as an individual datapoint, and statistical significance 

denoted as p < 0.05. 
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7.3 Results 

7.3.1 Radiographic assessment of disc height demonstrated trending increases 

post-cell delivery 

To fully assess the changes occurring at each disc level the DHI was evaluated as a measure 

of the full disc, alongside measurements of the ventral, dorsal, and central regions to distinguish 

preferential height loss that may occur. These measurements were assessed at each point of the 

study, at Week 0, pre-degeneration induction, Week 8 where treatments were delivered, and Week 

24 prior to euthanasia. DHI was mildly affected by the induction of degeneration, likely due to the 

low cABC doses utilised in this study. A restorative trend was identified in the DC and miRNA-NP 

group at the study endpoint compared to the degeneration at Week 8 (Fig. 7.2A, p = 0.097, and p = 

0.104, respectively). For all other groups DHI returned to that of the pre-degeneration levels or 

exceeded them in the case of the untouched healthy control. 
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Figure 7.2 Quantitative disc height analysis and representative in vivo radiographs 

throughout study. (A) Percentage change in disc height index (DHI) calculated from 

measurements taken at Weeks 0, 8, and 24. Regional measurements are shown for (B) dorsal (C) 

central and (D) ventral regions. (E-G) Representative radiographs acquired during the study period. 

* p < 0.05, ** p < 0.01, *** p < 0.001, indicates statistical significance, N ≥ 5. 

Region-specific analysis revealed more pronounced changes with the dorsal region 

exhibiting the most severe degenerative.  At the Week 24 endpoint, none of the groups showed 
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restoration of disc height in this region (Fig. 7.2B). Dorsal disc height was significantly reduced at 

Week 24 for NP (p = 0.042). With respect to central disc height, the healthy, dual-miRNA, and NP 

groups saw significant decreases following degeneration induction (Fig. 7.2C, p ≤ 0.05 for all), with 

the miRNA-NP demonstrating a significant increase at Week 24 when compared to Week 8 (Fig. 

7.2C, p = 0.032). Ventral disc height was restored by Week 24 for healthy, NP, and miRNA-NP 

treatments (Fig. 2D, all p ≤ 0.05). Each group was also plotted separately in Figure 7.3 to illustrate 

changes in DHI and regional variations across the three study periods. 

 

Figure 7.3 All radiographic quantifications plotted per group. (A) Disc height index (DHI), (B) 

Dorsal (C) Central and  (D) Ventral measurements for each treatment group across the three 

radiographic imaging timepoints. Week 0:  initiation of study and cABC-induced degeneration. 

Week 8: treatment delivery. Week 24: study endpoint. The healthy control group did not undergo 

cABC treatment and served as an untouched control. Each point represents an individual IVD, * p 

< 0.05, ** p  < 0.01 indicates statistical significance, N ≥ 5. 
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7.3.2 Qualitative assessment of IVDs by MRI 

A representative MRI image was acquired at the study endpoint, to allow for qualitative 

evaluation of IVD hydration. On T2-weighted images, hydration, reflected by hyperintense signal 

was most prominent in the dual-miRNA and healthy discs in the dorsal view, with comparatively 

reduced yet detectable regions in the NP group (Fig. 7.4A, white arrows). A similar pattern was 

observed in the sagittal plane, where the dual-miRNA and healthy discs again exhibited higher T2 

signal intensity, while only limited focal hyperintensity was present in the DC group (Fig. 7.4B). 

Structural irregularities indicative of disc disruption and adjacent bony changes were observed in 

the miRNA-NP and DC groups (Fig. 7.4A,  red arrows). In these regions, decreased T2 signal 

intensity was observed, suggesting reduced hydration and potential degenerative changes. 

Additionally, hypointense signal along the endplate on the T1-weighted image of the miRNA-NP 

may indicate endplate alterations (Fig. 7.4C, yellow arrow). However, definitive interpretation 

would require further imaging and analysis in a larger cohort.   

 

Figure 7.4 Representative magnetic resonance imaging (MRI) scan obtained at the study 

endpoint (Week 24). (A) Dorsal T2-weighted image, (B) Sagittal T2-weighted image and (C) 

Sagittal T1-weighted image. 

 

7.3.3 Cell delivery negatively impacts cellularity and metabolic activity 

Biochemical assessment of DNA content revealed a significant increase in DNA following 

dual-miRNA treatment compared to the healthy control (Fig. 7.5B, p = 0.016). The miRNA-NP 

treated group showed a trend toward increased DNA content, although this did not reach statistical 

significance (Fig. 7.5B, p = 0.062). Histological grading was performed according to the 
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methodology described by Lee et al, where higher scores indicate a greater degree of 

degeneration.334 The combined total histological score was significantly increased in NT, NP, and 

miRNA-NP groups when compared to the healthy control (Fig. 7.5C, p = 0.01, p = 0.002, and p = 

0.003, respectively). Similarly, NP cellularity scores demonstrated significantly greater 

degeneration in the  NT, NP, and miRNA-NP groups relative to both the healthy control (p = 0.0007, 

0.002, and <0.0001 Healthy vs, NT, NP, miRNA-NP, respectively) and dual-miRNA treatment (p = 

0.013, 0.031, and 0.0004, dual-miRNA vs NT, NP, miRNA-NP, respectively) (Fig. 7.5D). These 

findings are supported by the presence of large cell clusters indicated by black arrows (Fig. 7.5A). 

To evaluate metabolic changes associated with treatment, glucose and lactate concentrations were 

measured in digested NP tissue. Interstitial glucose levels were  significantly reduced in the 

miRNA-NP group compared to the dual-miRNA group (Fig. 7.5E, p = 0.022). Conversely, lactate 

concentrations were significantly elevated in the miRNA-NP group (Fig. 7.5F, p = 0.015).  

 

Figure 7.5 Evaluation of cellularity and metabolic activity by histological and biochemical 

analyses. (A) Representative haematoxylin and eosin (H&E) staining of mid-sagittal sections. (B) 

Biochemical quantification of DNA content normalised to tissue wet weight (ww, µg/mg) in 

nucleus pulposus (NP) tissue. (C) Overall histological grade and (D) NP cellularity grading. 

Quantification of interstitial (E) glucose (mM) and (F) lactate concentrations (mM). Black arrows 

indicate cell clusters associated with degenerative changes in cellularity. Scale bars are 2 mm for 

whole disc and 300 µm for insets. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, indicates 

statistical significance, N ≥ 5. 
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7.3.4 Dual-miRNA delivery enhances proteoglycan extracellular matrix 

constituents 

Degenerative changes in the IVD are characterised by depletion of upon proteoglycan 

constituents within the ECM. Therefore, restoration of these components is a key therapeutic 

objective. Total sGAGs were quantified biochemically from the NP tissue. In comparison to the 

healthy control, sGAG content was significantly lower in the miRNA-NP treatment group (Fig. 

7.6F, p = 0.016), while NP only groups demonstrated a downward trend that did not reach statistical 

significance (Fig. 7.6F p = 0.104). This finding was consistent with reduced Alcian blue staining 

intensity in the cell-treated groups, particularly when compared to the healthy control (Fig. 7.6A). 

The early matrix-associated marker SOX9 was evaluated by immunofluorescence. Dual-miRNA 

treatment significantly upregulated SOX9 expression compared to NP delivery alone (Fig. 7.6B & 

C, p = 0.006) and showed a strong upward trend relative to DC, Healthy, and miRNA-NP  (Fig. 

7.6B & C, p = 0.058, 0.0501, 0.102, respectively). Expression of the later-stage matrix marker 

aggrecan was significantly upregulated following dual-miRNA treatment compared to all other 

treatment groups (Fig. 7.6D & E, p ≤ 0.01 for all comparisons). Collectively, these changes suggest 

a shift towards matrix anabolism following dual-miRNA delivery, whereas NP cell delivery (with 

or without transfection) appears to have had no beneficial effect in restoring matrix composition. 

Histological grading revealed no significant changes in NP matrix or CEP structural scores (Fig. 

7.6G & H), although a high degree of donor-to-donor variability was observed. 
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Figure 7. 6 Quantification of proteoglycan matrix constituents in nucleus pulposus (NP) tissue 

using histological, immunofluorescent, and biochemical analyses. (A) Representative Alcian 

blue staining for glycosaminoglycans. (B & C) Semi-quantitative immunofluorescence and 

representative images of SOX9 and (D & E) aggrecan. (F) Biochemical quantification of sulphated 

glycosaminoglycans, normalised to tissue wet weight (ww, µg/mg). (G) Histological scoring for 

NP matrix and (H) cartilage endplate (CEP) structure. Scale bars are 2 mm for whole disc and 300 

µm for insets and magnified images. Immunofluorescence data was normalised to the degenerated 

control (DC), AF: Annulus fibrosus, * p < 0.05, ** p < 0.01, *** p < 0.001, indicates statistical 

significance, N ≥ 5. 
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7.3.5 Alterations in collagen composition and structure following cell delivery 

Changes in collagen composition can inform a switch towards a more fibrotic and 

degenerative phenotype. Therefore, collagen content and structural organisation were evaluated 

both biochemically and histologically (Fig. 7.7). Total collagen content within the NP tissue was 

significantly increased following NP delivery (Fig. 7.7B, p = 0.041). Histological assessment of AF 

demonstrated a trend toward greater structural disruption in the DC and NP groups to the healthy 

control (Fig. 7.7C, p = 0.102 and p = 0.059). The integrity of the NP and AF boundary was 

significantly more compromised in NT, NP, and miRNA-NP groups relative to the healthy control 

(Fig. 7.7D, p = 0.037, p = 0.033, and p = 0.033, respectively). Collectively, these findings suggest 

a shift toward a more fibrotic matrix architecture, consistent with a degenerative response following 

cell delivery. 

 

Figure 7. 7 Histological and biochemical assessment of collagen within the intervertebral disc 

(IVD). (A) Representative picrosirius red staining of mid-sagittal sections. (B) Biochemical 

quantification of total collagen content in the nucleus pulposus (NP) tissue, normalised to tissue 

wet weight (ww, µg/mg). Histological scoring of (C) Annulus fibrosus (AF) organisation and (D) 

integrity of the NP/AF interface. Scale bars are 2 mm for whole disc and 300 µm for insets, * p < 

0.05, indicates statistical significance, N ≤ 5. 

 

All hydration and biochemical data are presented below in Figure 7.8, with the total overall 

content, and normalisations by wet weight (ww), dry weight (dw), and DNA. 
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Figure 7. 8 Biochemical measurements from nucleus pulposus (NP) tissue. (A) hydration (%), 

(B) DNA content , (C) sulphated glycosaminoglycan content (sGAG), and (D) collagen (COL). 

ww: wet weight, dw: dry weight, * p , 0.05, indicates statistical significance, N ≤ 5. 

7.3.6 Cell delivery increases expression of catabolic enzymes and pro-

inflammatory cytokines compared to healthy control and dual-miRNA 

treatment 

Effective regeneration of the IVD requires suppression of key mediators within the 

degradative cascade. Protein expression of catabolic enzymes and pro-inflammatory cytokines was 

therefore evaluated by immunofluorescence staining. MMP13, a collagenase commonly 

upregulated during disc degeneration, was significantly downregulated in both the healthy and dual-

miRNA groups compared to NP cell delivery (Fig. 7.9A & B, p = 0.037 and p = 0.013, respectively). 
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Similarly, expression of the aggrecanase ADAMTS5 (Fig. 7.9C & D) was substantially reduced in 

the healthy and dual-miRNA groups when compared to both NP (p = 0.039 and p = 0.018 Healthy 

vs NP and miRNA-NP, respectively) and miRNA-NP treatments (p = 0.039 and p = 0.018 dual-

miRNA vs NP and miRNA-NP, respectively).  

Moreover, proinflammatory cytokine dysregulation plays a central role in initiating and 

sustaining the degenerative cascade, particularly through upregulation of TNF-α and IL-1β. Both 

the healthy and dual-miRNA groups exhibited significantly reduced expression of these cytokines 

compared  to the DC control (Fig. 7.9E & F, p = 0.006 and p = < 0.001, respectively). Furthermore, 

cell delivery exacerbated TNF-α protein expression, with expression significantly upregulated in 

the NP cell treatment group in comparison to dual-miRNA treatment (Fig. 7.9E & F, p = 0.028). 

Similarly, miRNA-NP cell transplantation resulted in overexpression of TNF-α compared to both 

healthy and dual-miRNA groups (Fig. 7.9E & F, p = 0.011 and p = < 0.001, respectively). A 

comparable trend was observed for IL-1β expression. NP cell significantly increased IL-1β 

expression relative to both healthy and dual-miRNA groups (Fig. 7.9G & H, p = 0.026 and p = 

0.029, respectively). Similarly, miRNA-NP treatment resulted in overexpression of IL-1β compared 

with healthy and dual-miRNA groups (Fig. 7.9G & H, p = 0.02 and p = 0.02, respectively). Taken 

together, these findings indicate that cell transplantation may potentiate a catabolic and pro-

inflammatory response, in contrast to the suppressive effects observed following dual-miRNA 

delivery. 
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Figure 7. 9 Semi-quantitative immunofluorescent assessment of catabolic and pro-

inflammatory marker expression in nucleus pulposus (NP) tissue. Quantification and 

representative images of (A & B) MMP13, (C & D) ADAMTS5, (E & F) TNF-α, and (G & H) IL-

1β. All values are normalised to the degenerated control (DC). Scale bars are 2 mm for whole disc 

and 300 µm for and magnified images. * p < 0.05, ** p < 0.01, *** p < 0.001, indicates statistical 

significance, N ≥ 5. 

 

7.3.7 Biochemical, matrix, and inflammatory markers correlate with 

histological grading of intervertebral disc degeneration   

Associations between biochemical parameters, histological grading, and semi-quantitative 

immunofluorescence measurements were analysed using Pearson’s correlation coefficient, with 
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results summarised in Figure 7.10. Glucose concentration exhibited a weak but statistically 

significant negative correlation with total histological score (Fig. 7.10A, r = -0.156, p = 0.041). In 

contrast, lactate tissue concentrations demonstrated multiple significant associations. Lactate levels 

were moderately positively correlated with DNA content (r = 0.648, p = 0.0001), collagen content  

(r = 0.500, p = 0.005), and histological score (r = 0.367, p = 0.046) (Fig. 7.10B). Additionally, 

lactate concentration showed a moderate negative correlation with total sGAG levels (r = -0.508, p 

= 0.004) (Fig. 7.10B).  

Significant associations were also identified among matrix-related biochemical markers. 

DNA content showed a moderate negative correlation with sGAG levels (Fig. 7.10C, r = -0.406, p 

= 0.026). Similarly , sGAG content was moderately negatively correlated with both collagen 

content (Fig. 7.10C, r = -0.556, p = 0.001), and total histological score (Fig. 7.10D, r = -0.502, p = 

0.005). In contrast, moderate positive correlations were observed between DNA and collagen 

content (Fig. 7.10C, r = 0.366, p = 0.047), as well as between collagen content and histological 

score (Fig. 7.10D, r = 0.468, p = 0.009).  

No significant correlations were observed between the expression of the matrix-associated 

markers, SOX9 and aggrecan and histological score (Fig. 7.10E). However, catabolic and pro-

inflammatory markers quantified from immunofluorescence staining demonstrated significant 

positive relationships with increasing degeneration severity. The matrix degrading enzymes 

MMP13 (Fig. 7.10F, r = 0.491, p = 0.006) and ADAMTS5 (Fig. 7.10F, r = 0.585, p = 0.0007) 

displayed moderate positive correlations with histology score. Similarly, TNF-α (Fig. 7.10F, r = 

0.522,  p = 0.003) and IL-1β (Fig. 7.10F, r = 0.590, p = 0.0006) were moderately positively 

correlated with more advanced grades of degeneration. 
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Figure 7. 10 Correlation analysis between biochemical, histological score, and semi-

quantitative immunofluorescence measurements of catabolic and pro-inflammatory markers 

in nucleus pulposus (NP) tissue. Correlations are shown for (A) glucose concentration, (B) lactate 

concentration, (C & D) matrix related biochemical parameters, (E) semi-quantitative 

immunofluorescent analysis of extracellular matrix (ECM) markers, and (F) catabolic and pro-

inflammatory markers. Boxes denote statistically significant correlations; dotted lines represent 

95% confidence intervals. 

 



131 

 

7.3.8 Hierarchical clustering revealed distinct transcriptional profiles among 

treatment groups 

Hierarchical cluster analysis was performed on all differentially expressed genes across 

treatment groups, with row-wise scaled (z-score normalised) (Figure 7.11A). To further interrogate 

genes of particular relevance to IVD biology, a curated panel of 70 genes was selected for focused 

analysis. These genes were categorised into four functional groups based on their roles within the 

disc: ECM/Anabolism, Catabolism, Inflammation, and Stress & Pain (Fig. 7.11B). Heatmap 

visualisation revealed that the DC and miRNA-NP groups exhibited comparatively elevated 

expression across genes within all four functional categories. In contrast, the healthy and dual-

miRNA groups displayed reduced relative expression of genes associated with catabolism, 

inflammation, and stress/pain responses, consistent with trends observed in immunofluorescence 

analyses. Notably, these groups also displayed lower relative expression of ECM- and anabolism-

related genes compared to the DC and miRNA-NP groups. 

 

Figure 7. 11 Heatmaps showing expression patterns across (A) all groups and (B) a set of 70 

intervertebral disc (IVD) related genes, functionally classified into extracellular matrix 

(ECM)/anabolism, catabolism, inflammation, and stress & pain categories. Gene expression 

values were  normalised and scaled per gene (row z-score) before plotting. Heatmap colours 

indicate the z-scored expression relative to the mean of each group. DC: degenerated control. 
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7.3.9 Differential gene expression and pathway enrichment reveal divergent 

treatment responses 

To directly compare the five experimental groups, predicted or poorly characterised genes 

were first removed. Genes showing significant differential expression (adjusted p-value < 0.05, 

|log2FC| > 1) were visualised as a heatmap (Fig. 7.12A). Several metabolism-related genes 

(ATP5A1, MDH2, TKT, TPI1, PGAM1, PHB2, GALE, GUKI) were differentially expressed, with 

the most pronounced effect being their downregulation in the dual-miRNA group relative to DC. In 

contrast, following cell delivery, many of these metabolic genes were strongly upregulated, 

suggesting metabolic adaptation and shifts in energy requirements depending on the treatment. 

Inflammatory genes also exhibited differential expression. NFATC1, CEBPD, ARID5A, SPP1,  and 

PRDX2 were significantly reduced in the dual-miRNA versus DC group but upregulated in NP and 

miRNA-NP groups compared to dual-miRNA. Interestingly, LGALS1, S100A4, S100A13, and 

VEGF-b were significantly decreased in dual-miRNA relative to DC. Contrastingly they were 

overexpressed when comparing cell delivery to dual-miRNA (LGALS1, S100A4, S100A13: NP 

and miRNA-NP vs miRNA, VEGF-b: miRNA-NP vs miRNA), highlighting treatment-specific 

transcriptional responses. 

To further explore potential treatment responses, significantly enriched GO pathways were 

analysed (Fig. 7.12B & C), revealing distinct enrichment patterns across groups. Among the 

upregulated pathways, two comparisons, NP vs dual-miRNA and miRNA-NP vs dual-miRNA 

showed significant enrichment. These pathways were primarily associated with membrane 

dynamics and trafficking, including cellular membranes, the endomembrane system, and vesicles, 

reflecting activation of cellular stress and proteostatic mechanisms. In the same comparisons, 

inflammatory and stress-response pathways were also enriched, including proteasome complex, 

peptidase complex, endopeptidase complex, regulation of intracellular signal transduction, and 

response to stimulus. Metabolic disruption pathways demonstrated consistent enrichment patterns, 

with ATP production, mitochondrial function, and nucleotide metabolism being upregulated. 

Conversely, in dual-miRNA vs DC and NP vs DC comparisons, similar membrane-related systems 

particularly involving the endoplasmic reticulum were significantly downregulated, alongside 

suppression of proteasome core complex and peptidase complexes. Metabolic pathways showed an 

opposing trend, with ATP and mitochondrial processes significantly downregulated.   
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Figure 7. 12 Differential gene expression and functional pathway enrichment across 

treatment groups. (A) Heatmaps of genes showing significant differential expression across all 

group comparisons. (B) Significantly enriched upregulated gene ontology (GO) pathways in 

miRNA-NP vs dual-miRNA and NP vs dual-miRNA. (C) Significantly enriched downregulated 

GO pathways in dual-miRNA vs DC and NP vs DC. DC: Degenerated control.  
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7.4 Discussion 

Despite its central role in the progression of LBP, IVD degeneration lacks effective 

treatments, particularly those to target the homeostatic dysregulation that augment the degradative 

cascade. As LBP prevalence continues to rise there is a pressing need for early-stage interventions 

that mitigate degeneration. Injectable therapies have therefore gained increasing attention, with 

miRNA and cell-based approaches offering the potential to dampen the immune response while 

stimulating the resident cell population. In the context of cell transplantation, an additional objective 

is to restore the local disc cell population that has been diminished due to degeneration. 

Consequently, this study aimed to explore the dual delivery of FLR-149-5p mimic and miRNA-

221-3p inhibitor alone, and also to assess the delivery of NP cells, transfected or non-transfected, 

in a goat model of mild IVD degeneration. We found that the introduction of  cells induced a 

pronounced inflammatory and catabolic response, accompanied by metabolic disruption, and 

significantly enriched stress-associated pathways identified through mRNA sequencing. 

Furthermore, cell transplantation did not restore sGAG content and was associated with increased 

histological severity scores. Contrary to this, dual-miRNA delivery attenuated the catabolic and 

inflammatory response in comparison to the cell groups, while simultaneously demonstrating a 

strong trend towards the upregulation of ECM markers. Together, these findings implicate 

metabolic stress as a potential consequence of cell transplantation, whereas dual-miRNA delivery 

mitigated this response, highlighting its promise as a clinically relevant and translational therapeutic 

approach for early-stage IVD degeneration. 

Consistent with previous work from our laboratory, the dual delivery of FLR-149-5p mimic 

and 221-3p inhibitor demonstrated a strong anti-catabolic and anti-inflammatory response. 241,242 

This action is crucial in suppressing the amplified catabolic and inflammatory milieu that is 

characteristic of IVD degeneration. Dual-miRNA delivery reduced TNF-α expression compared 

with the DC control as well as NP cell or miRNA-NP transfected cell delivery, highlighting its 

functionally relevant therapeutic potential. As a key mediator of inflammation in the IVD, TNF- 

drives degenerative changes by upregulating cytokines, recruiting ECM-degrading factors, such as 

ADAMTS-4 and -5, and MMPs-1, -2, -3, -4, -13, and -14, and inducing cellular senescence.194,335,336 

Similarly, IL-1β, which we found to be significantly downregulated in the dual-miRNA compared 

to both cell groups, acts a key regulator of inflammation and progressive degeneration, promoting 

ECM-degradative factors. 193,337 Among the dual-miRNA cargo, miRNA-149-5p in particular has 

proven effective at suppressing the inflammatory response. An in vivo wound healing study showed 

that IL-1α, IL-1β, and IL-6 protein levels were markedly downregulated in miRNA-149 transfected 

wounds, even in the presence of a TNF-α challenge. 289 Recently, inhibition of miRNA-149-5p was 

found to enhance inflammatory signalling through the Nod-like receptor Pyrin domain containing 
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1 (NLRP1) activation in tert-Butyl hydroperoxide (TBHP)-challenged NP cells. 290 NLRP1, a key 

component of the inflammasome responsible for triggering IL-1β expression,43 may play a 

mechanistic role in the IL-1β suppression observed in this study. Moreover, given the strong 

correlation identified between higher TNF-α and IL-1β expression and increasing degeneration 

grade, dual-miRNA delivery may hold significant promise as an anti-inflammatory strategy.  

Alongside effective suppression of inflammatory mediators, downregulating catabolic 

enzymes could promote IVD restoration and help reverse the degenerative cascade. The 

metalloproteinases, MMP13 and ADAMTS5 are of particular interest due to their central role in 

degrading the native ECM, and their association with progressively severe degeneration in 

patients.39,221 We observed a significant reduction in MMP13 protein expression in the dual-miRNA 

group compared with the NP group. Furthermore, ADAMTS5 was significantly downregulated in 

dual-miRNA samples relative to both cell delivery groups, highlighting the anti-catabolic effect 

previously demonstrated with dual-miRNA delivery in rat ex vivo organ cultures. 241,242  Although 

MMP13 and ADAMTS5 induction has been reported in large animal models of IVD 

degeneration,149,331 their therapeutic inhibition, particularly in NP tissue, remains less explored. 

Given their central role in perpetuating degeneration, suppressing MMP13 and ADAMTS5 is 

critical, and the dual-miRNA results observed here are particularly promising as a therapeutic 

strategy.  

Alongside the reductions to protein expression of critical catabolic and inflammatory 

markers, transcriptomic analysis revealed distinct inflammatory gene expression profiles across 

treatment groups. Genes associated with catabolism and inflammation demonstrated a pattern of 

upregulated z-scores in the DC and miRNA-NP groups, whereas dual-miRNA delivery exhibited 

the opposite trend. Certain genes were downregulated in the dual-miRNA group relative to DC but 

were upregulated in both NP and miRNA-NP groups compared to the dual-miRNA group, 

indicating a divergent biological response. Among these, NFATC1, a TNF-α-responsive regulator 

of cytokine expression linked to increased degeneration severity in human IVD tissue samples, 338 

was significantly downregulated by dual-miRNA delivery compared to DC. 339 CEBPD was 

similarly implicated, with its silencing shown to reduce MMP13, TNF-α, and IL-1β expression in 

a rat model of IVD degeneration. 340 Reduced expression of LGASLS1, a modulator of NF-κB 

signalling associated with increasing severity of IVD degeneration was also observed.341 

Collectively, the pronounced downregulation of these genes in dual-miRNA treatment versus DC, 

followed by their significant upregulation in NP and miRNA-NP relative to dual-miRNA, supports 

dual-miRNA as an anti-inflammatory treatment. Alongside the concomitant reduction in catabolic 

and inflammatory protein markers, these findings reinforce the therapeutic promise of dual-miRNA 

delivery for attenuating inflammatory signalling in mild IVD degeneration. 
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Evidence of metabolic perturbation was observed within the NP tissue region following 

delivery of miRNA-NP cells, with both glucose and lactate concentrations significantly altered 

compared to healthy controls. This was accompanied by a marked reduction in NP cellularity on 

histological grading after NP and miRNA-NP delivery, indicating disruption of resident cell 

homeostasis. Notably, glucose levels were negatively correlated with worsening histological scores, 

whereas lactate levels exhibited a positive correlation, reinforcing the association between 

metabolic imbalance and degenerative severity. The administered dose of 5.5 x 106 cells was 

selected based on predictive modelling 287 and a previous in vivo study in goat, 342 which suggested  

that while nutrient concentrations may decline slightly compared to a healthy disc, it would not 

severely compromise the microenvironment. However, as glucose serves as the primary substrate 

for glycolysis in the avascular disc, even modest reductions in its availability may have significant 

consequences, as we report here. 343 In vitro, reductions in glucose levels have been shown to 

significantly decrease both NP cell viability and proteoglycan production.344,345 Supporting these 

findings, transcriptomic analysis revealed significant upregulation of GALE in NP and miRNA-NP 

groups in comparison to dual-miRNA. GALE overexpression has been implicated in glucose 

homeostasis in the liver by impairing glucose tolerance,346 consistent with the observed perturbation 

of glucose levels following miRNA-NP delivery. Collectively, these results suggest that introducing 

additional cells may increase metabolic demand within the limited-nutrient NP microenvironment, 

potentially creating a glucose deficit that exacerbates degenerative processes. 

Lactate, the primary metabolic byproduct of glycolysis in the disc, accumulates readily, 

leading to acidification of the disc microenvironment, which can adversely affect disc health.347 In 

vitro studies have demonstrated that reduced pH, directly associated with increased lactate 

production, 320 significantly impairs cell survival and matrix accumulation.348 Similarly, lactate 

measurements in goat models of degeneration show significantly elevated levels in degenerated 

tissues compared to healthy controls, correlating with degeneration grade as determined by MRI.349 

These findings are consistent with our observations, as increased lactate concentrations coincided 

with higher histological grades following miRNA-NP delivery, and overall lactate levels were 

significantly correlated with degeneration severity. Transcriptomic analysis further supported these 

biochemical results. GO pathways related to ATP biosynthesis, mitochondrial function, and ribose 

phosphate metabolism were significantly enriched in both cell-treated groups compared to dual-

miRNA treatment, indicating metabolic dysregulation and a shift in energy demands following cell 

delivery to the NP. Additionally, MDH2, a mitochondrial enzyme whose overexpression has been 

linked to cellular senescence,350 was significantly upregulated in miRNA-NP groups relative to 

dual-miRNA and NP. Notably, MDH2 was  strongly downregulated in dual-miRNA groups 

compared to DC, further highlighting the divergent metabolic effects across treatment groups and 

reinforcing the shifts in metabolic requirements observed biochemically and histologically. 
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Beyond suppressing degradative pathways, injectable therapeutics also aim to restore ECM 

integrity, which is critical for rebuilding damaged IVD tissue. Contrary to this objective, both cell-

treated groups exhibited downwards trends in sGAG content compared to healthy controls and 

marked downregulation of ECM markers SOX9 and aggrecan relative to dual-miRNA delivery. 

These reductions likely result from metabolic disruption following cell delivery, which may 

compromise matrix synthesis. Supporting this interpretation, GO analysis revealed significant 

enrichment of pathways related to the endomembrane system, vesicles, and membrane trafficking 

in NP and miRNA-NP groups compared to dual-miRNA treatment. This may indicate altered 

protein secretion and folding and potential impairment of proteostasis, a feature associated with 

progressive degeneration.351 In contrast, dual-miRNA delivery promoted upregulation of SOX9 and 

aggrecan protein expression. Specifically, silencing miRNA-221-3p has been linked to increased 

ECM marker expression in chondrocytes and cartilage models.352,353 In the IVD context, miRNA-

221 inhibition was shown to protect CEP cells and strongly enhance aggrecan protein expression, 

305 supporting its inclusion in this dual-miRNA strategy.  

Cell transplantation to the IVD has demonstrated considerable preclinical promise,19,20,275 

however, the present findings indicate metabolic stress, catabolic disruption, decreased matrix 

marker expression and increased collagen disorganisation. One possible explanation is that 

degeneration induced by cABC administration may more closely resemble a chronic degenerative 

state rather than an acute injury model. Supporting this, Detiger et al reported that 0.25 U cABC 

followed by stromal vascular fraction (SVF) administration caused severe adverse inflammatory 

effects, evidenced by pronounced immune cell infiltration.354 Interestingly, when degeneration was 

induced via partial nucleotomy, mimicking herniation, no adverse effects were observed following 

SVF delivery. Similarly, a prospective clinical study treating naturally occurring canine IVD 

degeneration with MSC-seeded collagen microcarriers reported no regenerative improvements on 

MRI. 355 A subsequent study from the same group injected autologous BMSCs in naturally 

degenerated discs; while no adverse effects were observed, regenerative outcomes were also not 

achieved. 356  Chronic IVD degeneration is characterised by a sustained inflammatory cascade and 

progressive ECM breakdown, Notably, cABC administration induces a cytokine response, and has 

been correlated with neuronal and inflammatory markers in goats. 149,357 In such a hostile 

microenvironment, transplanted cells may experience nutrient depreviation and heightened 

inflammatory stress, limiting their regenerative potential. In contrast, many of the most encouraging 

studies involving cell delivery target IVDs degenerated through mechanical disruption or 

injury,133,358-360 suggesting that cell therapies may be more effective in acute or herniated 

pathologies, whereas chronically degenerated discs may require prior modulation of the 

inflammatory-metabolic milieu to support regenerative strategies. 
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Beyond establishing safety and biological efficacy, the translatability from bench to bedside 

is paramount. The most compelling findings from this preclinical evaluation position dual-miRNA 

as a potential injectable treatment for IVD degeneration. Compared to cell-based approaches, dual-

miRNA offers several practical advantages that enhances clinical feasibility. Firstly, it eliminates 

the need for a viable regenerative cell source and avoids potential ethical concerns associated with 

cadaveric tissue use. The dual-miRNA cargo can be reproducibly manufactured and modified, 

providing a flexible therapeutic platform. Furthermore, it can be combined with adjunctive stimuli 

such as growth factor cocktails,59,361 or incorporated into biomaterials or scaffolds.184,229,256 Such 

combinatorial strategies may be particularly valuable in degenerative environments, where cell 

transplantation imposes metabolic stress. Incorporating regenerative cues that synergise with dual-

miRNA could further enhance therapeutic efficacy and increase the clinical relevance of this 

approach.  

Several limitations of this study should be acknowledged. First, comprehensive quantitative 

profiling of pro-inflammatory cytokines and catabolic enzymes would have strengthened 

comparisons with human clinical datasets. However, given the limited tissue yield from a single 

disc, priority was given to maximising outputs across biochemical and histological analyses, while 

adhering to the 3R principles to minimise animal numbers.362 Second, the follow-up duration may 

have constrained the assessment of regenerative outcomes. Previous work involving in silico 

modelling predicted that restoration of sGAG content in the goat disc may require extended 

timeframes. 287 As dual-miRNA delivery has to the best of our knowledge not been previously 

evaluated in large animal models of IVD degeneration, there was no established to guide study 

duration. While the shorter timeframe was appropriate for an initial proof-of-concept, future studies 

extending beyond one year may better capture long-term matrix remodelling and functional 

recovery. Finally, the cell dose employed likely contributed to observed cellular perturbations. 

Although the selected dose was within ranges reported in the literature and did not elicit adverse 

effects in prior ex vivo organ culture experiments, the in vivo environment appears more sensitive 

to cellular loading. Future studies aiming for cell transplantation may benefit from reduced cell 

numbers, as exemplified by Discgenics, which adjusted from an initial preclinical cell dose of 10 

x106 cells delivered intradiscally, to 3 x 106
 and 6 x106

 cells in their clinical trial (NCT03347708). 

19 

In summary, dual-miRNA delivery in a goat model of mild IVD degeneration enhanced 

ECM marker expression while suppressing inflammatory and catabolic signalling. In contrast, NP 

and miRNA-NP cell transplantation induced metabolic perturbations and exacerbated degenerative 

features, emphasising the critical role of the microenvironment in regenerative interventions. 

Collectively, these results position dual-miRNA therapy as a promising molecular strategy for 

targeting the key pathological hallmarks of IVD degeneration. 
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7.5 Conclusion 

This study provides the first evaluation of the safety and efficacy of dual-miRNA delivery 

in a large-animal model of mild IVD degeneration, demonstrating its ability to enhance ECM 

marker expression while suppressing catabolic and inflammatory signalling. In contrast, both NP 

and miRNA-transfected NP cell delivery were associated with metabolic perturbations, reduced 

matrix integrity, and exacerbation of degenerative features, highlighting the critical influence of the 

microenvironment in the context of cell-based therapies. Collectively, these results identify dual-

miRNA therapy as a promising molecular strategy for targeting the key hallmarks of IVD 

degeneration, specifically inflammation, metabolic dysregulation, and ECM breakdown. By 

modulating resident cell behaviour without imposing additional metabolic burden, dual-miRNA 

delivery offers a clinically translatable and potentially scalable therapeutic avenue for treating 

degenerative disc disease. 
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Chapter 8. Final Discussion 

8.1 Discussion 

The prevalence of LBP is increasing globally, currently affecting 600 million people and 

imposing a growing socioeconomic burden, particularly in ageing populations. 363,364 Though multi-

factorial in nature, the predominant cause of LBP is degeneration of the IVD, characterised by 

breakdown of the ECM of the NP tissue, and loss of essential proteoglycan and GAG components. 

9,25 Specifically, this matrix disruption leads to reduced expression of key matrix-associated TFs, 

such as SOX9, and structural proteins such as aggrecan and collagen type II. 34 Concurrently, there 

is a significant increase in the activity of matrix degrading enzymes, such as those from the MMP 

and ADAMTS families, alongside pro-inflammatory cytokine overexpression, perpetuating the 

degradative cascade. 39,194,221 Taken together, this creates a harsh microenvironment in the avascular 

IVD, presenting a challenging environment for regenerative approaches. Current treatments do not 

extent beyond surgical interventions such as discectomy or spinal fusion, and pain management, 

leaving the underlying homeostatic disturbance untreated. 1 This has led to investigations into 

injectable strategies that would target the anabolic : catabolic imbalance, such as biomaterials, 228-

230 cell delivery, 225-227 growth factors, 58,231,232 and gene therapy. 73,74,79 miRNAs, short, non-coding 

nucleotides that regulate the expression of multiple genes simultaneously, have garnered 

considerable attention in regenerative medicine and represent promising candidates for further 

examination. 156-159 Considering this, the work presented in this thesis aimed to develop miRNA-

based therapies that would elicit anti-catabolic and pro-regenerative effects, providing a clinically 

relevant treatment strategy for IVD degeneration applications.  

Therefore, the aim of Chapter 4 was to screen miRNAs identified as being regeneratively 

promising, evaluating them individually and in pairs. Simultaneously, two CPPs were assessed to 

uncover the most suitable for delivering cargo to the IVD, a proteoglycan-rich tissue. Central to the 

findings of this chapter were significant reductions to ADAMTS5 and MMP13, enzymes well 

established in the onset of degradation, following FLR-miRNA-149-5p mimic and miRNA-221-3p 

inhibitor dual delivery. This attenuation possibly reflects the generation of a regenerative niche in 

rat ex vivo organ culture, whereby regeneration could take place. Staining for sGAGs revealed 

deeper staining post-dual-miRNA delivery, supporting this shift towards strengthening matrix 

integrity.  

Of note, a synergistic effect was identified when delivering the miRNAs in pairs rather than 

individually, suggesting the targeting of discrete yet complementary molecular networks. Similar 

strategies of utilising miRNA combinations have been demonstrated across other fields, though 

none were found in the IVD field while preparing this work, underpinning its novelty. In diabetic 
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wound healing, Wang and colleagues reported that although individual transfection with miRNA-

129 or miRNA-335 enhanced repair, co-delivery of both miRNAs produced a more pronounced 

effect. 180 Similarly, combined administration of let-7b and miRNA-34a suppressed proliferation of 

non-small cell lung cancer cell lines more effectively than either miRNA alone, leading to a greater 

reduction in tumour size. 365 Extending findings from earlier work, Mariner et al. showed that co-

delivery of a miRNA-148b mimic with a miRNA-489 inhibitor promoted osteogenic differentiation 

of human mesenchymal stem cells (MSCs) more robustly than single-miRNA treatments. 183 

Furthermore, incorporation of a miRNA-210 mimic and miRNA-16 inhibitor into collagen–

nanohydroxyapatite scaffolds significantly enhanced vascularisation and bone density in a rat 

calvarial defect model, further supporting the efficacy of dual miRNA strategies. 184 Collectively, 

these studies highlight the potential for synergistic effects through carefully selected miRNA 

pairings, underscoring the cooperative impact that combinatorial miRNA delivery can achieve. 

The enhanced regenerative effects observed following dual-miRNA-149-5p mimic and 

221-3p inhibitor delivery may be attributed to their modulation of distinct pathways with functional 

cooperation. Bioinformatics analysis of enriched and experimentally validated miRNA target 

interactions revealed that each miRNA regulates discrete networks relevant to IVD degeneration. 

miRNA-149-5p was predominantly associated with inflammatory signalling pathways. Validated 

targets included IL-6, FASLG, MyD88, all of which are strongly linked to inflammatory activity 

within the extracellular compartment.  A meta-analysis by Deng et al. demonstrated significantly 

elevated IL-6 protein levels in patients with IDD compared to healthy controls. 195 Furthermore, IL-

6 concentrations have been shown to correlate with low back pain severity, 196 and increased 

systemic IL-6 levels have been clinically associated with higher reported pain incidence. 197 

Through suppressing IL-6 associated signalling, miRNA-149-5p may disrupt the inflammatory-

catabolic feedback loop characteristic of progressive degeneration.  

FASLG, a member of the TNF superfamily, has been increasingly implicated in disc 

degeneration, with gene polymorphisms associated with heightened susceptibility to IVD 

degeneration. 198 Mechanistically, FASLG promotes NP cell apoptosis via FAS receptor binding and 

subsequent recruitment of pro-inflammatory cytokines. 199 Similarly, MyD88, a key adaptor protein 

in toll-like receptor signalling, has previously been linked to miRNA-149 in LPS-stimulated NP 

models. 201 Silencing of MyD88 attenuated inflammatory signalling and promoted restoration of 

anabolic markers such as aggrecan and collagen type II. MyD88 expression within the disc is driven 

by pro-inflammatory cytokines, and it is also implicated in immune-mediated cardiovascular and 

neurological disorders. 167 Given the pivotal contribution of inflammation to IDD pathogenesis, the 

capacity of miRNA-149-5p to modulate these mediators presents considerable therapeutic promise.  
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In contrast to miRNA-149-5ps anti-inflammatory roles, miRNA-221-3p, commonly 

associated with chondrogenic regulation, was enriched for ECM-related pathways. Highly 

expressed targets included MMP2, TIMP3, and CXCL12. Dysregulation of MMPs and their 

respective TIMP inhibitors disrupts the anabolic–catabolic equilibrium central to IDD progression. 

11,37 MMP2 contributes directly to collagen degradation and ECM remodelling, and gene 

polymorphisms have been linked to increased IVD degeneration risk. 205 TIMP3 is unique among 

the TIMP family in its ability to inhibit all MMPs as well as several ADAMTS enzymes, including 

ADAMTS-4 and -5, which are key mediators of aggrecan degradation. 12,41,206 Notably, stimulation 

with TIMP3 reduced expression of the discogenic pain marker Substance P in a rodent model, 

potentially through suppression of aberrant vascularisation. 207 Therapeutic upregulation of TIMP3 

may therefore confer both structural and symptomatic benefits. CXCL12 presents a more complex 

profile. Circulating levels have been reported to increase in serum with advancing IVD 

degeneration and correlate with pain severity. 208 In CEP cells it has been shown to regulate MMP2 

expression in a dose-dependent manner. 209 However, when delivered directly to the NP in a rat tail 

model, CXCL12 enhanced proteoglycan deposition, potentially via recruitment of progenitor cells. 

210 Despite this regenerative observation, CXCL12 is more commonly associated with 

inflammation-induced apoptosis and matrix degradation.  

Taken together, these interconnected pathways illustrate a complex regulatory network 

governing ECM turnover. Modulation of these targets by miRNA-221-3p inhibition, in combination 

with the anti-inflammatory actions of miRNA-149-5p, may therefore offer a complementary and 

potentially synergistic strategy for restoring regenerative capacity within the degenerated 

intervertebral disc. Importantly, the identification of this novel pair acts as a strong framework to 

build miRNA-based strategies upon, which was further explored in the subsequent chapters. 

While the development of an anti-catabolic niche was promising, one of the shortcomings 

of the work presented in Chapter 4 was the lack of a robust pro-regenerative response post-dual-

miRNA delivery. Ultimately effective IVD therapies will require strategies that encompass a 

multimodal approach, stimulating ECM synthesis and attenuating inflammatory and catabolic 

processes. To this end, Chapter 5 aimed to combine dual-miRNA treatment with an adjunct stimulus 

in the form of HPL, as a novel therapeutic approach for IVD degeneration treatment. HPL, a growth 

factor cocktail rich in regenerative GFs and anti-inflammatory cytokines, has demonstrated great 

promise not only in driving ECM production, but also being safe and generally well tolerated in 

both in vivo and clinical settings.  

Central to the aim of this study was to amplify the anabolic effect of dual-miRNA delivery. 

Notably, combining the dual-miRNA approach with human platelet lysate (HPL) elicited  a 

cooperative response, resulting in greater upregulation of matrix-associated markers than miRNA 
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delivery alone in rat ex vivo organ culture, and in a human NP cell-laden NP-ECM gel analogue. 

HPL is rich in GFs, with proteomic profiling having identified over 1,400 proteins, emphasising g 

its regenerative capacity. Prominent among these are members of the TGF superfamily, VEGF, 

PDGF, FGFs, EGF, and bone morphogenetic BMPs, all of which are implicated in matrix synthesis, 

cell survival, and tissue repair. 59 Consistent with the matrix-promoting effects observed in this 

chapter, previous work with platelet-derived therapies have demonstrated regenerative potential in 

NP cells. For example, treatment with 2.5% platelet-rich plasma (PRP) significantly increased 

collagen type II, aggrecan, and SOX9 expression in rat NP cells. 253 Similarly, pure PRP enhanced 

aggrecan and collagen type II protein expression in IL-1β–stimulated rat NP cells. 254 In a porcine 

ex vivo organ culture model, PRP administration also resulted in significantly elevated 

glycosaminoglycan (GAG) content compared to degenerated controls, 255 further supporting the 

results presented in this work. Importantly, dual-miRNA + HPL delivery sustained the anti-catabolic 

effects identified in Chapter 4, presenting evidence of ADAMTS4, ADAMTS5, MMP3, and 

MMP13 protein downregulation. Therefore, these findings suggest a dual-miRNA + HPL as a 

promising combinatorial therapy that can modulate catabolic factors while concurrently enhancing 

production of ECM markers.  

In tandem with exploring the therapeutic suitability of dual-miRNA + HPL administration, 

Chapter 5 established the usage of a biomimetic NP-ECM gel analogue laden with patient NP cells 

as a high throughput method of screening treatment strategies. The use of physiologically relevant 

in vitro systems is essential for accurately interrogating cellular responses to regenerative strategies. 

NP cells are known to exhibit phenotype-dependent variability when cultured in two-dimensional 

(2D) versus 3D environments, with 3D systems promoting enhanced expression of discogenic 

markers and maintenance of a more native NP-like phenotype. 219,259 Accordingly, a decellularised 

NP-ECM hydrogel was employed here, designed to recapitulate the matrix composition of a mildly 

degenerated (Pfirrmann Grade III) disc. This approach facilitated modelling of the structural and 

biochemical microenvironment characteristic of early-stage degeneration. However, for future 

work, this system could be altered to represent milder or more severe degeneration grades based on 

the target application through modification of the ECM and CS proportions. 

Evidence from the wider field supports the use of such biomimetic culture models. 

Fibroblasts seeded onto a rabbit-derived NP matrix exhibited increased collagen type II and reduced 

collagen type I expression, indicating a phenotypic shift toward NP-like behaviour. 366 Rashidi et 

al. similarly demonstrated that NP cell morphology and surface marker expression are sensitive to 

matrix composition. 264 They demonstrated that collagen–proteoglycan gels mimicking aged matrix 

promoted increased ITGB1 expression consistent with a degenerated phenotype. 265 Although our 

model recapitulated a mildly degenerated matrix, further modulation of ECM and chondroitin 

sulphate content could enable the generation of more advanced degenerative states. Indeed, Peng 
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et al. reported that bone marrow–derived stem cells cultured within decellularised NP gels 

upregulated collagen type II, aggrecan, and NP-associated markers including CD24 and KRT19, 

reinforcing the capacity of NP-derived matrices to promote a pro-regenerative, NP-like phenotype 

in 3D culture. 266 The inclusion of a cABC challenge further strengthened the model. A well-

established inducer of sGAG degradation and matrix remodelling through the stimulation of 

ADAMTS and MMP proteins, two of the critical target families of the dual-miRNA treatment. 149,367 

Through incorporating this catabolic stimulus, the model presented here provides a meaningful 

platform not only to characterise dual-miRNA-based strategies, but other injectable biologics.  

While the stimulation of the resident NP cell population is promising therapeutically, 

progressive IVD degeneration is associated with an increase in cell necrosis as degeneration 

worsens. Consequently, replenishing the NP with a healthy cell population may strengthen 

restorative approaches. Among candidate cell types, delivery of NP and BMSCs are the most 

commonly investigated. NP cells with their innate adaptations to the harsh IVD microenvironment, 

151,272,273 and BMSCs with their differentiation potentiality, 276,277 both offer potential advantages in 

conferring restorative function. Therefore, Chapter 6 aimed to investigate dual-miRNA stimulation 

of these cell populations, characterising their pro-anabolic and anti-catabolic effects in culture 

models progressing from monolayer to goat ex vivo organ culture. Identified were divergent 

responses between the two cell groups, with BMSCs evidencing a stronger catabolic particularly in 

in vitro cultures. Protein expression levels of ADAMTS5, MMP13, IL-1β, and TNF-α were 

consistently lower in NP cells compared with BMSCs, irrespective of transfection status. This 

distinction may reflect an inherent adaptive phenotype, as NP cells are known to constitutively 

secrete low levels of TNF-α and IL-1β even under non-degenerative conditions. 291,368 It is also 

important to consider the influence of culture conditions. Serum starvation and cytokine stimulation 

were performed in monolayer, which may have disproportionately sensitised BMSCs to 

inflammatory challenge. Supporting this, Redondo-Castro et al. reported significant upregulation 

of anti-inflammatory mediators, including G-CSF and IL-1Ra, in cytokine-stimulated BMSC 

spheroids compared with monolayer cultures, indicating that BMSC immunomodulatory behaviour 

is strongly influenced by culture dimensionality. 292 Contrastingly, cervical-derived NP cells have 

been shown to exhibit minimal immunogenicity when co-cultured with peripheral blood 

mononuclear cells (PBMCs) in monolayer, with no significant increase in T cell activation markers 

or pro-inflammatory cytokine production. 293 Together this suggests that BMSCs may be more 

sensitive to inflammatory challenges in vitro, whereas NP cells were more resilient.  

Interestingly, this catabolic disparity was mitigated in ex vivo organ culture, potentially due 

to the influence of microenvironmental factors that were retained in the culture set up. The 

immunomodulatory effect has been demonstrated by MSCs encapsulated in hydrogels, where they 

can influence macrophage polarisation towards an anti-inflammatory state. 295 However, of the two 
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cell types, NP cells revealed to be more advantageous than BMSCs. Dual-miRNA transfection once 

again maintained an anti-catabolic and inflammatory response, further justifying its utility as a 

therapy to treat degeneration of the IVD. However, dual-miRNA transfected NP cells when 

delivered in ex vivo organ culture revealed the strongest upregulation of matrix markers, SOX9 and 

aggrecan, suggesting its therapeutic benefit over dual-miRNA stimulated BMSCs. It should be 

noted that overall sGAGs were not significantly impacted upon by any treatments. This is 

potentially as a result of the degeneration method employing cABC, which cleaves the CS GAG 

chains of proteoglycans, disrupting the whole protein. 296 In bovine cartilage explants, aggrecan is 

rapidly cleaved by cABC into multiple smaller core protein fragments, indicating that these 

fragments must subsequently be regenerated and fully modified before restoration of intact 

proteoglycan structure can occur. 297-299 In Chapter 6, increased expression of SOX9, a recognised 

master regulator of discogenic differentiation, 300,301 together with elevated aggrecan expression in 

the NP-miRNA group, suggests early initiation of a regenerative phenotype. Furthermore, given the 

inherent time restriction with organ culture studies, limited to approximately four weeks, it is likely 

that full matrix regeneration could not possible have taken place. Through in silico modelling it has 

been predicted that in vivo functional restoration of sGAGs would require 1 year following cell 

transplantation at our delivered dose, 287 a timeline that cannot be replicated in organ culture 

systems. Nonetheless this chapter provides insights for the first time as to the most suitable cell 

group for delivery to the IVD following dual-miRNA stimulation.  

Given the inherent constraints described with ex vivo organ culture systems, to best 

evaluate the potential full restoration of the ECM, extended culture periods and in vivo models 

prevail as the best method of assessment. Therefore, the objective of Chapter 7 was to evaluate for 

the first time the safety and efficacy of dual-miRNA delivery in a large animal in vivo model of 

mild intervertebral disc degeneration. It was observed that cell introduction elicited a pronounced 

inflammatory and catabolic response, accompanied by metabolic dysregulation and significant 

enrichment of stress-associated pathways identified through mRNA sequencing. These molecular 

changes were paralleled by a reduction in sGAG content and worsening histological scores, 

indicating exacerbation of degenerative features. In contrast, dual-miRNA delivery attenuated both 

inflammatory and catabolic signalling relative to the cell-treated groups. Notably, this intervention 

was also associated with a strong trend toward upregulation of ECM markers, suggesting a shift 

toward a more regenerative phenotype. 

As was demonstrated throughout this thesis, dual-miRNA administration elicited a potent 

anti-catabolic and inflammatory effect, contrasted by a sharp rise in these factors following cell 

delivery. This was observed at both protein and transcriptomic levels, with ADAMTS5, MMP13, 

TNF-α, and IL-1β being significantly suppressed, alongside genes such as NFATC1, CEBPD, and 

LGASLS1, all of which have been implicated in IVD degeneration. 338-341 Collectively, the marked 
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downregulation of these genes in the dual-miRNA group, together with their significant 

upregulation in NP and miRNA-NP groups relative to dual-miRNA treatment, supports the role of 

dual-miRNA delivery as an anti-inflammatory strategy. When considered alongside the 

concomitant reduction in catabolic and inflammatory protein markers, these findings further 

strengthen the therapeutic potential of dual-miRNA delivery as an approach to attenuate 

inflammatory signalling in early-stage intervertebral disc degeneration. 

A particularly striking observation was the metabolic disruption associated with cell 

delivery. Both glucose and lactate concentrations were significantly altered following NP and 

miRNA-NP cell delivery compared with healthy controls, coinciding with reduced NP cellularity 

and worsened histological scores, indicative of disrupted cellular homeostasis. Glucose levels 

negatively correlated with degeneration severity, whereas lactate showed a positive correlation, 

reinforcing the association between metabolic imbalance and progressive disc pathology. Although 

the administered dose of 5.5 × 10⁶ cells was predicted to only modestly impact nutrient availability, 

287 even moderate reductions in glucose evidently can substantially impair NP cell viability and 

proteoglycan synthesis. Concordantly, transcriptomic analysis revealed upregulation of GALE in 

NP and miRNA-NP groups, consistent with perturbed glucose homeostasis. 346 Elevated lactate 

accumulation, known to promote microenvironmental acidification and compromise cell survival 

and matrix production, further aligned with increased degeneration severity and enrichment of 

metabolic and mitochondrial pathways, including upregulation of the senescence-associated 

enzyme MDH2. 350 Collectively, these findings suggest that exogenous cell delivery may impose 

excessive metabolic demand within the nutrient-restricted disc niche, exacerbating glucose 

depletion, lactate accumulation, and downstream degenerative processes, whereas dual-miRNA 

treatment appears to mitigate these metabolically disruptive effects. 

Although cell transplantation to the IVD has demonstrated considerable preclinical 

promise, our findings indicate that, within the present model, cell delivery was associated with 

metabolic strain, heightened catabolic activity, reduced matrix marker expression, and increased 

collagen disorganisation. One explanation may lie in the nature of degeneration induced by cABC, 

which likely more closely recapitulates a chronic degenerative state rather than an acute injury. 

Supporting this notion, Detiger et al. reported pronounced inflammatory responses and immune cell 

infiltration following SVF delivery to discs degenerated with 0.25 U cABC, whereas no adverse 

effects were observed when degeneration was induced via partial nucleotomy, a model more 

reflective of herniation. 354 Similarly, clinical studies treating naturally occurring canine IVD 

degeneration with MSC-based therapies reported no significant regenerative improvements, despite 

an absence of major adverse effects. 355,356 Chronic IVD degeneration is characterised by sustained 

inflammation and progressive extracellular matrix breakdown, and cABC administration itself is 

known to trigger cytokine upregulation and inflammatory signalling. 149 In such a hostile, nutrient-
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restricted microenvironment, transplanted cells may experience exacerbated metabolic and 

inflammatory stress, limiting their regenerative potential. In contrast, many of the most encouraging 

outcomes in the literature arise from models of mechanically induced or acute injury–related 

degeneration, suggesting that cell-based therapies may be better suited to early or herniated 

pathologies. 19,20,275,321 Chronically degenerated discs may require prior modulation of the 

inflammatory and metabolic milieu, such as through dual-miRNA delivery to enable effective 

regeneration.  

8.2 Limitations and future perspectives 

While the findings reported in this thesis show promise and offer a meaningful contribution 

to the field, they are not without limitations. The goal of this section is therefore to examine the 

constraints and highlight areas where future endeavours could develop the work, to continue the 

development of miRNA-based therapies.  

One of the limitations of Chapters 4 and 5 was the use of rat cells and IVD organs. In the 

context of the IVD,  it is well recognised that NP cells rapidly lose their native phenotype when 

expanded in monolayer culture. 213 Moreover, rats belong to a subset of species that retain a 

population of NP progenitor-like notochordal cells into adulthood. However, previous studies have 

demonstrated that porcine notochordal cells decrease with passaging, such that NP and notochordal 

cells become phenotypically indistinguishable in vitro. 214 In a rat ex vivo organ culture model, 

notochordal cells are present and may constitute up to 30% of the NP cell population, although 

degenerative injury reduces this proportion. 215 Notochordal cells have been associated with 

enhanced regenerative capacity, and their presence may have contributed to some of the beneficial 

effects observed following miRNA delivery. 30,216 Despite these considerations, the use of whole-

organ culture confers several advantages. Maintaining the intact disc preserves the native ECM and 

associated paracrine signalling, creating a more physiologically relevant niche for therapeutic 

assessment. 135 Ex vivo organ culture systems also better recapitulate the disc’s metabolic 

microenvironment, offering a more representative platform for evaluating candidate treatments. 137 

Notably, the response between rat ex vivo organs and the cell-laden NP-ECM gel analogue in 

Chapter 5 was comparable, suggesting that while notochordal cells may persist, the model itself is 

applicable for the development of therapeutics.  

In Chapter 4, four candidate miRNAs and six miRNA pairings were screened based on 

selections from the literature. 164,166,167,169,189,369-371 While this targeted approach enabled focused 

mechanistic evaluation, it necessarily represented only a subset of potentially relevant  miRNAs. 

Numerous additional miRNAs remain to be explored, and alternative combinatorial pairings may 

yield equally or more effective outcomes. Though dual-miRNA delivery has been trialled in 

oncology and regenerative medicine, IVD research has thus far focused largely on single-miRNA 
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modulation, with several promising candidates reported. miRNA-338-3p has been shown to be 

significantly upregulated in NP tissue from patients suffering from IVD degeneration, with 

expression levels positively correlating with disease severity. 372 Its inhibition in human NP cells 

markedly increased the expression of anabolic markers COL2 and ACAN and reduced catabolic 

enzymes MMP9 and ADAMTS4, attenuated degeneration in a mouse in vivo model. Given the 

detrimental effect that degeneration has upon the resident cell population, preserving their viability 

would be particularly relevant. miRNA-125-5p has also been shown to be substantially 

overexpressed in degenerated tissue, however its suppression reduces IL-1β expression and 

apoptotic mediators including APAF1 and caspases-3, -7, and -9. 114 Furthermore, miRNA-206 has 

been implicated as a regulator of inflammatory processes. Its activity functions by silencing GJA1, 

reducing the expression of IL-1β, TNF-α, and IL-6 in human NP cells. 132 As recognition of the role 

miRNAs play in the progression of IVD degeneration expands, their potential utility as diagnostic 

or prognostic biomarkers of disease grows. Integration of transcriptomic profiling with functional 

validation may facilitate identification of miRNA signatures, enabling both therapeutic targeting 

and disease stratification. The miRNAs explored in this thesis represent only a fraction of the 

broader regulatory landscape governing IVD degeneration. The field remain in an exploratory 

phase, with substantial untapped potential for the discovery of novel miRNA targets and rational 

combinatorial strategies. Continued systematic investigation, incorporating multi-omics 

approaches and experimental validation, will be essential to full harness miRNA-based therapeutics 

for IVD regeneration.  

An critical aspect of disc degeneration not addressed in this thesis, but warranting further 

investigation, is nociceptive pain. Elevated levels of mediators such as β-NGF and BDNF have 

been associated with increasing severity of degeneration and are known to substantially impair 

quality of life in patients with degenerated discs. Notably, in a clinical study evaluating platelet 

lysate delivery to the intervertebral disc, no significant improvement in disc height was observed; 

however, both VAS and Roland–Morris Disability Questionnaire scores demonstrated significant 

reductions in pain. 239 These findings underscore that modulation of pain perception represents a 

critical component of rehabilitation and should be considered alongside structural regenerative 

strategies. Mechanistically, TNF-α has been shown in vitro to upregulate BDNF and β-NGF 

expression, suggesting that TNF-α silencing approaches may have the potential to influence pain 

signalling pathways. 317-319 ELISAs to quantitatively measure  β-NGF, TNF-α, and IL-1β were 

trialled for Chapter 5, however expression levels did not meet the minimal threshold to be read. 

Achieving measurable concentrations would likely require supraphysiological challenges not 

representative of the microenvironments being modelled. Furthermore, this would negatively 

impact any meaningful conclusions being drawn about other aspects of the treatments, reflecting 

the inherent trade off in designing physiologically relevant in vitro culture models. 
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Therefore, to better understand these nociceptive mechanisms, new models should be 

developed that would facilitate a greater understanding into pain mechanisms and the cellular 

response to potential new treatments. Recent advances in tissue engineering offer promising 

avenues in this regard, particularly in modelling the whole intervertebral disc in vitro. Kim et al 

presented a whole disc model incorporating NP and AF spheroids, demonstrated region-specific 

characteristics. Here, AF spheroids began to develop lamellar structures, and NP spheroids being 

more amorphous and demonstrating translocation of HIF-1α expression, reflecting native 

phenotypes. 373 Similarly, employing bioprinting approaches has likewise shown great potential. 

Moxon and colleagues utilised suspended layer additive manufacturing (SLAM) to print IVD 

analogues with distinct NP and AF regions that could be used as a platform to advance translational 

research. 374 The use of scaffolds to create a disc model have also been demonstrated by combining 

both NP and AF cells, exhibiting regional expression of cartilage and bone like tissue based upon 

their internal cues, reflecting in vivo patterns. 375 By employing more complex in vitro models such 

as the ones described, it could mean being able to better study the mechanisms of pain that couldn’t 

be achieved here. Transcriptomic analysis from Chapter 7 suggested the relative downregulation of 

pain-related genes following dual-miRNA delivery, therefore further investigations in a suitable 

model may yield meaningful results. Validation of this observation within dedicated pain-modelling 

systems would be of considerable translational interest. Given the widespread reliance on analgesic 

medications for the management of LBP, 376,377 further studies evaluating the pain response, 

particularly when combined with a regenerative treatment such as dual-miRNA ,would be a 

valuable approach for patients.  

In the development of new therapeutics, ensuring the most suitable patient cohort is targeted 

is of the utmost importance, and an area that would strengthen future works. Findings from Chapter 

7 highlight this necessity, the metabolic and matrix disruptions we observed following cell delivery 

were not predicted by ex vivo organ culture studies in Chapter 6. As previously discussed, this 

discrepancy is likely due to the inherently short culture times with ex vivo organ culture, it 

reinforces the complexity of translating regenerative interventions in clinical settings. Published 

literature supports the therapeutic promise of cell-based delivery, particularly in injury models 

reflective of herniation. This distinction suggests that patient stratification, distinguishing 

inflammatory, mechanical, or chronic degenerative states, may be best to optimise outcomes. From 

a clinical standpoint, evidence of inflammatory disc degeneration relies heavily on imaging. Modic 

changes as ascertained by MRI being commonly used indicators, with type I changes are associated 

with bone marrow oedema and inflammatory changes. Type II are reflective of degeneration to the 

fatty bone marrow, and type III indicative of subchondral bone sclerosis. 378 Though informative, 

abnormal readings from MRIs have been reported, particularly in older individuals, and given the 

prevalence of IVD degeneration in the ageing population,379 additional imaging modalities should 
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be considered. Single photon emission computed tomography with computed tomography (SPECT-

CT) may add further insights into painful IVD degeneration driven by inflammation. 380 381 SPECT-

CT, though at present less widely implemented clinically, has been reported to identify painful LBP 

associated with chronic degeneration, potentially reflecting inflammatory processes. 382,383 SPECT-

CT has demonstrated this utility in atherosclerotic plaques, suggesting it could be similarly 

implemented in the spine field. 384 Future work, correlating imaging findings with biological 

markers of inflammation, could optimise patient outcomes by providing a precision-based 

approach, identifying the most suitable treatment for each patient.  

A parallel consideration arises when incorporating additional supplemental with factors 

such as HPL as explored in Chapter 5. Donor-specific responsiveness to GFs would greatly impact 

upon the successful outcome of a treatment. A recent study identified variable responses between 

microtissues generated from patient NP cells to GDF-5 stimulation, presumed to be an effect of the 

presence or absence of its requisite receptor. 58 Therefore, future endeavours may benefit from better 

patient matching to treatments. Ongoing identification of biomarkers associated with disease onset 

and progression may further refine therapeutic matching, although the regulatory landscape of IVD 

degeneration remains incompletely defined. 22,123 As regenerative medicine continues to transition 

toward personalised approaches, integration of biomarker profiling with computational modelling 

could further enhance predictive capacity and optimise therapy selection.  

Further to this, deeper interrogation into the effect of cABC on cell metabolism may 

likewise improve the design of new treatment approaches. In the case of dual-miRNA delivery, the 

alterations were mitigated, however for cell delivery they were exacerbated, negatively impacting 

upon matrix production, as presented in Chapter 7. While the impact on catabolic and inflammatory 

pathways in a large animal model post-cABC administration has been reported,149  its impact on 

cellular metabolism has not, to the best of my knowledge, been investigated. A clearer 

understanding of these metabolic consequences may prove valuable in informing future therapeutic 

strategies, revealing how cABC alters nutrient diffusion, glycolytic flux, and mitochondrial 

function. Given the complexity of IVD degeneration this was not within the remit of this work, 

however more in-depth investigations would give greater insight when developing models and 

again ensuring appropriate treatment development and selection.   

Finally, in Chapter 7, the treatment duration time of 4 months could be extended beyond 1 

year to gain a better understanding of long-term matrix remodelling in response to dual-miRNA 

administration, which was unable to be captured in the shorter timeframe. Extended longitudinal 

studies are required to realise these matrix modulation effects. Computational modelling predicts 

that following delivery of cells a year would be necessary to elicit functional changes sGAGs and 

the ECM. 287 In a study in humans, 10 years post-MSC and PL delivery patients reported significant 
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reductions to pain and functional impairments, and a 78.1% improvement to their overall feeling 

post-treatment. 385 A study of BMSCs delivered intradiscally followed patients up 4-6 years on from 

treatment. 386 They reported that all five patients exhibited overall improvements, with 80% 

reporting an improvement to mobility. In a study following patients three years on from BMSC 

delivery to degenerated IVDs likewise reported improvements to pain and disability scores which 

persisted over the follow-up time. 387 However, miRNA-based approaches are in their infancy 

comparative to cell delivery, hench currently no experimental or in silico data exists to suggest a 

regenerative timeframe. The field as a whole would considerably benefit from such additions, 

supporting better experimental design ultimately leading to the most efficacious therapies that 

would treat IVD degeneration.  

Overall, this thesis highlights the clinical promise of miRNA-based therapeutics for the 

treatment of IVD degeneration. Through exploring the delivery of miRNAs alone, in pairs, with 

adjunct stimulus, and in cell-based approaches, the work presented here identifies dual-miRNA 

treatment as a promising therapeutic component for injectable strategies. Their efficacy was 

explored both as single and dual combinations, and in conjunction with adjunctive approaches 

including HPL and cell delivery. Through the integration of a rigorous experimental design with 

physiologically relevant in vitro and preclinical models, these findings strengthen the translational 

rationale for miRNA-based therapies as clinically viable interventions for IVD degeneration. Future 

developments incorporating additional stimuli, personalised medication approaches, and 

sophisticated computational modelling will only reinforce miRNA-based strategies, hopefully 

resulting in meaningful therapies that will significantly improve the quality of life of those suffering 

from LBP as a result of degeneration of the IVD. 
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Chapter 9. Concluding Remarks 

The main goal of this thesis was to evaluate miRNA-based approaches to treat degeneration 

of the IVD, the main causative agent of LBP. Given the prevalence of  LBP and the paucity of 

treatments, the work presented here demonstrates the developmental pipeline for novel miRNA-

based strategies. This thesis reinforces the importance of clinically relevant models, building in 

complexity from in vitro two-dimensional culture to large animal in vivo models. Key contributions 

to the biomedical field stemming from this research are summarised below: 

• I comprehensively screened miRNAs identified from the literature as being 

potentially pro-regenerative for IVD applications, utilising in vitro and ex vivo 

models to evaluate their promise individually and in pairs. 

• I evaluated two cell penetrating peptides with the specific aim of identifying the 

vector most suitable for miRNA delivery to the IVD. 

• I explored additional regenerative stimuli by combining dual-miRNA delivery with 

HPL, identifying a promising clinically relevant strategy to target IVD 

degeneration. 

• I employed a tuneable, biomimetic culture system where patient cells can be 

incorporated, offering a platform to assess the therapeutic translatability of dual-

miRNA-based approaches. This system could be scaled up and adjusted to 

encompass different degrees of degeneration, making it suitable for multiple 

applications within the field.  

• I investigated the dual-miRNA-stimulation of two commonly transplanted cell 

types to identify the most appropriate for delivery to the IVD, characterising the 

pro-regenerative and anti-catabolic response. 

• I assessed, for the first time, the safety and efficacy of dual-miRNA delivery in a 

large animal model of IVD degeneration, delivering dual-miRNA, NP cells, and 

dual-miRNA cells. 

• Through this in vivo model, I identified dual-miRNA treatment as a clinically 

relevant and translatable approach to treat IVD degeneration, revealing promising 

therapeutic outcomes from gene and protein expression data.  
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Appendices 

Appendix A. Standard operating protocols (SOPs) established 

within this thesis. 

A.1 miRNA transfection with cell penetrating peptides RALA and FLR in 2D 

Background: 

FLR is used at a concentration of 0.1 M, RALA 30.04 nmol (ie 60 µl 1X TE Buffer to 

0.1mg aliquot). RALA is synthesised by Genscript custom peptide synthesis.  The charge ratios of 

10 for RALA and 5 for FLR have been previously optimised, as has 10 ng/µl miRNA for rat and 

goat nucleus pulposus (NP), bone marrow derived stem cells (BMSCs), and monocytes. However, 

if attempting transfection with a new cell type, a dosage study using a fluorescently tagged miRNA 

may be required.   

 

Procedure: 

miRNA from Miridian Dharmacon have been trialled, and prepared to aliquots of 30 ng/µl, 

ie 1.25 mL 1X TE Buffer per 5 nmol of miRNA, aliquoted into a suitable amount to reduce the 

amount of freeze/thaw cycles.   

Seed cells at an appropriate density, ex 5000/well of ibidi 18-well chamber slide for NP and 

BMSCs and allow overnight to attach.  

On the day of transfection, prepare the complexes as follows, using Lipofectamine 

RNAiMAX Transfection reagent as a control for transfection. A negative or scrambled control 

should be used in initial experiments to ensure transfection does not have any effects on cell 

function. Each experiment should also have a non-transfected (NT) control that receives OptiMEM 

only.   

To prepare 65 µl of complexes: 

 µl 

RALA 4.97 

miRNA 21.51 

OptiMEM 38.33 

  

FLR 3.31 
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miRNA 21.51 

OptiMEM 41.11 

  

Lipofectamine 3.9 

miRNA 21.51 

OptiMEM 39.59 

 

Combine and mix well, allow complexes to form for 30 minutes at room temperature.  

Remove media from wells, wash once with PBS, and add complexes or OptiMEM for the 

NT controls as appropriate. Return cells to the incubator. 

Allow transfection to continue for 6 hours, after this, remove complexes and replace with 

your culture media, culturing for your given timepoint for functional analysis. As an example, 

uptake of a fluorescently tagged miRNA could be a time-course ranging from 24 hours to 7 days, 

protein expression generally is from 3 to 7 days, though this should be tailored to the cell type and 

output.  

 

 

A.2 miRNA transfection with cell penetrating peptides RALA and FLR in rat 

and goat ex vivo organ culture 

FLR is used at a concentration of 0.1 M, RALA 30.04 nmol (ie 60 µl 1X TE Buffer to 

0.1mg aliquot). RALA is synthesised by Genscript custom peptide synthesis.  The charge ratios of 

10 for RALA and 5 for FLR have been previously optimised, as has 25 ng/µl miRNA for direct 

delivery into rat and goat IVD organs.   

miRNA from Miridian Dharmacon have been trialled, and prepared to aliquots of 30 

ng/µl, ie 1.25 mL 1X TE Buffer per 5 nmol of miRNA, aliquoted into a suitable amount to reduce 

the amount of freeze/thaw cycles.   

Culture organs for a suitable amount of time to allow degeneration to occur, ex. 7 days of 

0.0025 U cABC for mild degeneration in rat, 14 days 2U or 4U for mild or severe degeneration 

respectively for goat.  

Rat organs can have 2 µl of complexes injected, goats 200 µl via a Hamilton syringe, use 31 

G needle for rat and 22G for goat.   
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To prepare 200 µl of 25 ng/µl complexes, adjust as needed:   

  µl  

RALA   12.8  

miRNA  156  

OptiMEM  31.2  

    

FLR  25.54  

miRNA  156  

OptiMEM  18.46  

 

 

 

A.3 Live/dead assessment of rat ex vivo organ culture 

Caudal rat organs are cultured up to the relevant timepoints, for example, T0 taken on day 

of isolation, T7 for 1 week degeneration, and T21 for end of culture period following two weeks of 

treatment. Using this method, viability of the nucleus pulpous (NP) region can be estimated.  

Procedure: 

Remove the discs from culture, label glass Superfrost slides or confocal dishes.  

Prepare live/dead assay solution: 20µL EthD-1 (stock: 2 mM, Biotium BT40014) + 5µL 

Calcein (stock: 4mM, Biotium BT80011-1) + 10mL PBS in a 15ml Falcon tube. This makes a 4uM 

EthD-1 and 2uM Calcein concentration. Shield from light.  

Make an incision along the bounding endplate to open the IVE along the transverse plane, 

exposing the disc. Scoop out the NP using a needle point tweezers and place onto the slide or 

confocal dish.  

Add live/dead solution, cover with tin foil and incubate at 37°C for 30 minutes to 1 hour.  
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Wash three times with PBS.   

Image on the confocal or fluorescent microscope, excitation/emission wavelengths:  

Calcein 485 nm/515 nm  

EthD-1 525 nm/590 nm  

A.4 Live/dead assessment of goat ex vivo organ culture 

This SOP is based off Paul et al 2012.286  

Goat organs are cultured up to the relevant timepoints, for example, T0 taken on day of 

isolation, T14 for 2 weeks degeneration, and T28 for end of culture period. Using this method, 

viability of both the annulus fibrosus (AF) and nucleus pulpous (NP) regions can be estimated.  

Dissect intact disc from IVD, maintaining the AF and NP regions. Do for both sides of the 

disc as below:  

 

Prepare live/dead assay solution: 20µL EthD-1 (stock: 2 mM, Biotium BT40014) + 

5µL Calcein (stock: 4mM, Biotium BT80011-1) + 10mL PBS in a 15ml Falcon tube. This makes a 

4uM EthD-1 and 2uM Calcein concentration.   

Place solution and disc in a 6-well plate, cover with tin foil and incubate in an oven at 37°C 

for 1 hour.  

Wash three times with PBS.   

Place in the largest size mould and cover with OCT medium, put inside an empty 20 µl 

or 200 µl tip container. Fill an empty 1000 µl tip container with liquid nitrogen in the fume hood. 

Using the surgical clamp to grip the smaller of the tip containers, gently place in the liquid nitrogen 

filled container.   
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Allow for the OCT to freeze, approximately 5 minutes, and remove with the surgical clamp. 

Leave the remaining liquid nitrogen to in the hood to sublimate, with a sign to let others know there 

is liquid nitrogen in the hood.   

Slice on the cryostat at a thickness of 10 µm, keep the mounted slides shielded from light.   

Image on the confocal or fluorescent microscope, excitation/emission wavelengths:  

Calcein 485 nm/515 nm  

EthD-1 525 nm/590 nm  
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Appendix B. Chapter 4 

B.1 List of gene name abbreviations for miRNA-149-5p enrichment analysis 

Abbreviation Full Name 

BBC3 Bcl-2-binding component 3 

FASLG Fas ligand 

FOXM1 Forkhead box protein M1 

GIT1 G protein-coupled receptor kinase 

interacting ArfGAP1 

GPC1 Glypician 1 

IL6 Interleukin-6 

MYD88 Myeloid differentiation primary 

response protein 88 

PTGER2 Prostaglandin E Receptor 2 

ZBTB2 Zinc Finger and BTB Domain 

Containing 2 

 

B.2 List of gene abbreviations for miRNA-221-3p enrichment analysis 

Abbreviation Full Name 

ANXA1 Annexin A1 

ARNT Aryl Hydrocarbon Receptor 

Nuclear Translocator 

BBC3 Bcl-2-binding component 3 

BCL2L11 Bcl-2-like 11 

BECN1 Beclin 1 

BMF Bcl Modifying Factor 

BNIP3 Bcl-2 interacting protein 3 

BNIP3L Bcl-2 interacting protein 3 like 

BRAP BRCA1 associated protein  
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CDKN1C Cyclin Dependent Kinase 

Inhibitor 1C 

CORO1A Coronin 1A 

CXCL12 C-X-C Motif Chemokine 

Ligand 12 

DIRAS3 Distinct subgroup of the Ras 

family member 3 

DKK2 Dickkopf WNT Signalling 

Pathway Inhibitor 2 

DVL2 Dishevelled Segment Polarity 

Protein 2 

FMR1 Fragile X messenger 

ribonucleoprotein 1 

MBD2 Methyl-CpG binding domain 

protein 2 

MMP2 Matrix Metallopeptidase 2 

PAK1 P21 (RAC1) activated kinase 1 

PTEN Phosphatase and tensin homolog 

RB1 RB transcriptional corepressor 1 

SELE Selectin E 

SOCS3 Suppressor of cytokine 

signalling 3 

SSX2IP Synovial sarcoma X breakpoint 

2 interacting protein 

STAT5A Signal transducer and activator 

of transcription 5A 

TBK1 TANK binding kinase 1 

TICAM1 TIR domain containing adaptor 

molecule 1 

TIMP3 Tissue inhibitor of 

metalloproteinase 3 

TNFSF10 TNF superfamily member 10 

USP18 Ubiquitin specific peptidase 18 
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ZEB2 Zinc finger E-box homeobox 2 

 

 

 

Appendix C. Abstract  

Low back pain is one of the leading causes of disability worldwide, with its prevalence 

growing. Believed to be predominately caused through degeneration of the intervertebral disc 

(IVD), current treatments are conservative and do not target the homeostatic imbalance at the core 

of the degradative cascade. This dysregulation is characterised by a disruption to and loss of key 

extracellular matrix (ECM) proteins, with a concurrent aggravated inflammatory and catabolic 

response. microRNAs (miRNAs) can regulate the expression of multiple target genes, making them 

an attractive treatment option. Subsequently, this thesis aims to explore miRNA approaches with 

the aim of developing a translationally relevant injectable therapy that will impart a multimodal 

effect: suppression of the inflammatory milieu and promoting of regenerative ECM factors. 

Firstly, this work screened miRNAs identified from the literature with the aim of identifying 

the most suitable for IVD delivery, systematically evaluating their anti-catabolic and pro-matrix 

potential. Concurrently two cell penetrating peptides (CPPs) were assessed for optimal delivery to 

the nucleus pulposus (NP) of the IVD. To enhance therapeutic the miRNAs were co-delivered in 

pairs to investigate possible synergistic effects. Secondly, this thesis explored adjunct stimulation 

in combination with dual-miRNA treatment. For this purpose, human platelet lysate (HPL), a 

clinically established regenerative aid in the orthopaedics and musculoskeletal field, was delivered 

alongside the selected dual-miRNA. Cell transplantation to the IVD has been suggested as a method 

to replace the native population that was depleted through degeneration. Therefore, the third aim of 

this work was to compare dual-miRNA stimulation of NP and bone marrow derived stem cells 

(BMSCs) to analyse the most appropriate cell source for IVD delivery. Finally, the optimised dual-

miRNA formulation was evaluated in a preclinical large animal model of mild IVD degeneration, 

to determine its safety, efficacy, and translational feasibility.  

Overall, this work highlights miRNAs as a promising component to injectable therapies for 

IVD degeneration, exploring their utility alone, in pairs, and combined with external factors, both 

HPL and cells. By integrating a robust experimental framework with physiologically relevant 

culture and preclinical models the findings presented here support the translational potential of 

miRNA-based therapies for clinical applications to target IVD degeneration.    


